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In the last decade, nanotechnology has been extensively exploited in a variety of areas because 
nanoscaled materials provide a wide range of benefits that bulk materials do not possess.  In spite 
of its advent, when applied to consumer related products, the new technology inevitably brings 
about side effect especially to biological or environment systems. Many have already determined 
that the damaging effect of nanomaterials in cell lines is caused by oxidative stress as a result of 
overproduction of reactive oxygen species (ROS). The present study aims at evaluating the role of 
noble metal nanomaterials in the generation and scavenging of ROS. It is noteworthy that the 
behavior of silver nanoparticles (Ag NPs) in the presence of hydrogen peroxide, a continuously 
generated component in biological systems, is adjusted by the mimetic microenvironment. These 
Ag NPs were found to be capable of inducing production of ROS hydroxyl radicals and oxygen in 
acidic and alkaline environments, respectively. The Ag NPs were oxidized to ions at pH 4.6 while 
they have been found to participate in Ag0-Ag1-Ag0 cyclic reaction at pH 11. As a promising 
antimicrobial agent, Ag NPs alone barely scavenge free radicals, but they are found to moderate 
the scavenging capability of thiol-based antioxidants, essential endogenous antioxidants, due to 
their formation of Ag-S bond. In addition, Platinum nanoparticles (Pt NPs) have been mostly used 
as catalysts in many chemical reactions. While recent reports suggest antioxidant activity of Pt 
NPs due to their peroxidase-like activity, there are limitations in the use of Pt NPs as an antioxidant 
in scavenging hydroxyl radicals. Alternatively, owing to their ascorbate oxidase-like activity, Pt 
NPs reduce the antioxidant ability of ascorbic acid, an important antioxidant participating in many 
biological reactions. In addition, they exert tyrosinase-like activity in catalyzing the oxidation of 
(-)-Epicatechin, caffeic acid, and resveratrol to form pigment compounds. Therefore, Pt NPs vary 
in their effect on the antioxidant activity of phenolics against various radicals (DPPH radicals > 
hydroxyl radicals >superoxide radicals).  Our study may provide insights for finding new 
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Chapter 1: Introduction 
1.1 Introduction 
According to National Nanotechnology Initiative, there already exist over 800 everyday 
commercial products that rely on nanoscale materials and processes (1).  Those products 
are among all categories related to human life: nanoscale additives in polymer composite 
materials for badminton rackets and luggage or surface treatments of fabric; nanoscale thin 
film on eyeglasses and electronics displays; nanoscale materials in cosmetic products to 
provide antioxidant property or greater clarity or coverage, nano-engineered materials in 
food industry including nanocomposites in food containers and nanosensors; nano-
engineered materials in automotive products;  nano-engineered materials that make 
superior household products; nanoparticles are used increasingly in catalysis to boost 
chemical reactions.  Applications of nanomaterials in medical and health have real potential 
to revolutionize a wide array of medical and biotechnology tools and procedures. 
Nanotechnology has been used in early diagnosis of atherosclerosis that is the build-up of 
plaque in arteries, Alzheimer’s disease, and rare molecular signals associated with 
malignancy. Also, nanoparticles serve as a vehicle in multifunctional therapeutics to 
facilitate its specific targeting to cancer cells and delivery of a potent treatment. Many 
studies are ongoing such as usage of nanotechnology to spur the growth of nerve cells.  
With the advent of nanotechnology, one should consider the potential consequences to 
human health and the environment associated with the new technology.  The first strategy 
for Nanotechnology-related environmental, health, and safety (EHS) research was 
published in 2008 and updated in 2011 (2). The strategy provides guidance to Federal 
agencies as they develop their agency-specific nanotechnology EHS research so as to 
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protect public health and the environment at the same time supporting the beneficial use of 
nanotechnology. The impact of nanomaterials on biological systems is a major aspect in 
addressing the health concerns of nanotechnology. Noble metal nanomaterials are of great 
interest in therapeutic and biomedical devices. Therefore, the potential side effects of those 
nanoscaled noble metals on biological systems are of tremendous significance and the 
underlying mechanism study is critical in order to advance future research.  
 
Scheme 1-1 Schematic illustration of present study. 
1.2 Research objectives 
The ultimate goal of the proposed research is to study the effect of noble metal 
nanomaterials in biologically relevant conditions due to their increasing application in 
consumer-related products.  Reactive oxygen species (ROS) are the main cause of cell 
damage or apoptosis and in turn various diseases and aging. In addition to their intrinsic 
properties the behavior of noble metal nanoparticles is influenced by many factors in a 
biological system, such as environment conditions and other related chemicals. In the 
current study, silver and platinum nanomaterials are selected to investigate their potential 










including hydrogen peroxide, endogenous and dietary antioxidants.  In order to achieve 
this goal, there were four specific objectives, where the subsequent chapters following the 
literature review are presented as separate manuscripts: 
Objective #1: Examine the behavior of silver nanoparticles under conditions mimicking 
different biological microenvironments.  
Objective #2: Study the influence of silver nanomaterials on thiol-based antioxidants with 
respect to various free radicals.  
Objective #3: Investigate the enzyme-mimetic effects of gold@platinum nanorods on the 
antioxidant activity of ascorbic acid. 
Objective #4: Investigate the enzyme-mimetic effects of gold@platinum nanorods on the 
antioxidant activity of phenolics.  
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Chapter 2: Literature review 
2.1 Reactive Oxygen Species 
 
Figure 2-1 Diseases and damages caused by reactive oxygen species (ROS). 
Reactive oxygen species are a group of molecules that are by-products of cellular oxidative 
metabolism, which mainly occurs in mitochondria of cells (3, 4). They have been of great 
interest to researchers for a long time because they have been considered to be associated 
with many diseases (Figure 2-1). They include hydroxyl radical (∙OH), superoxide radical 
(O2∙-), hydrogen peroxide (H2O2), peroxyl radical (∙OOR), and singlet oxygen (1O2). 
Molecular O2 proceeds univalent reduction to form superoxide radical mediated by 
NADPH oxidase and xanthine oxidase or other redox-reactive compounds of the 
mitochondrial electron transport chain (5). Superoxide radical may be converted to 
hydrogen peroxide by superoxide oxidase (6) or to singlet oxygen non-enzymatically (7). 
Otherwise, hydrogen peroxide may be converted to water by catalase or glutathione 
peroxidase. Glutathione (GSH) is oxidized to glutathione disulfide (GSSG), which can be 
converted back to GSH by glutathione reductase in an NADPH-consuming process (8). 
The hydroxyl radical possesses the highest one-electron reduction potential among all the 
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physiologically relevant ROS and it is extremely reactive with almost every type of 
biomolecule (9, 10). In the presence of transition metal ions, such as iron, copper, and 
chromium, superoxide radical and hydrogen peroxide may be converted to hydroxyl 
radical, which could initiate a radical chain reaction leading to extensive lipid and organic 
peroxide formation. The presence of hydroxyl radical in vivo has been demonstrated to 
directly attack proteins and nucleic acids (11, 12). Hydroxyl radical is not only highly 
reactive but also cannot be detoxified by known enzymatic reaction. As a result, hydroxyl 
radical may serve as an excellent target to investigate the potential of antioxidants to react 
or quench free radicals and protect important biomolecules from radical-mediated damage. 
ROS can have contrasting effects on living systems, being either beneficial or deleterious. 
At low to moderate concentrations, ROS plays beneficial physiological roles in cellular 
signaling systems (13) and induction of mitogenic response (14). The involvement of these 
free radicals in stimulating signal transduction has been shown to induce several biological 
processes, including cell growth, apoptosis, and cell adhesion (15).   
The deleterious effects of the by-products of oxygen metabolism were first inferred by 
Gerschman’s free radical theory of oxygen toxicity that identified the partially reduced 
form of oxygen was responsible for its toxicity (16). A couple of years later, Harman put 
forward his famous theory that free radical was associated with the process of aging (17).  
The free radical theory of aging reveals that oxygen-centered radicals produced in vivo 
during aerobic respiration cause cumulative oxidative damage to cellular systems, which 
leads to aging and death (17, 18). The role of ROS in human pathology has since been of 
great interest in the area of health promotion and disease prevention because ROS has been 
recognized as mediators of tissue injury and disease (19). Over-production of ROS, termed 
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as oxidative stress, has been associated with damage in biological system, resulting in aging 
and degenerative diseases (5, 20-22). The damage in vivo is related to numerous 
degenerative conditions of major public health concerns, including cardiovascular disease 
(23), inflammation (24), Alzheimer’s disease (25), Parkinson’s disease (26), diabetes (27), 
and carcinogenesis (28). The mechanisms underlying the involvement of ROS and 
oxidative stress in disease development may include oxidation of proteins (20, 29) and 
lipids (30), DNA strand breaks and modification to nucleic acids (11), modulation of gene 
expression through activation of redox-sensitive transcription factors (31), and modulation 
of inflammatory responses through signal transduction (24).  
Exposure of animals or cell cultures to various conditions of oxidative stress results in an 
increase in the levels of protein carbonyls. The accumulation of oxidized protein has been 
associated with many diseases and aging (20). Also, the unsaturated fatty acids in cell 
membranes and other cellular constituents are especially susceptible to excessive ROS.  
The oxidation product of these fatty acids, peroxyl radical, is eventually formed to 
malondialdehyde (MDA), which is believed to damage DNA (32). MDA reacts with DNA 
to form adducts that are mutagenic in bacterial and mammalian cells and carcinogenic in 
rats (33, 34). In addition, hydroxyl radical could react and in turn damage both purine and 
pyrimidine bases, as well as the deoxyribose backbone of DNA, resulting in mutagenesis, 
carcinogenesis, and aging (9).  
2.2 Antioxidants 
2.2.1 Inherent defense system against ROS 
The strict regulation of ROS levels is essential to the survival of all aerobic organisms. 
Cells, tissues, organs, and organisms inherently utilize multiple layers of antioxidant 
7 
 
defenses and damage removal, and replacement or repair systems in order to manage the 
remaining stress and damage caused by oxygen (35). Cellular enzymes are a group of 
protectors to cope with the situation caused by detrimental biological oxidants. Superoxide 
dismutase (SOD), peroxidase, and catalase are extensively studied antioxidative enzymes. 
For example, SOD catalyzes the dismutation of superoxide to hydrogen peroxide, which 
in turn decomposes to water via catalase.  
In human cells, the most important H2O2-removing enzyme is glutathione peroxidase, 
which catalyzed the oxidation of reduced glutathione (GSH) to oxidized glutathione 
(GSSG). Glutathione reductase regenerates GSH from GSSH with NADPH as a source of 
reducing power (4). The redox reactions occur through the reversible oxidation of its active 
thiol group from its cysteinyl moiety. That is the reason why GSH is very important in 
maintaining cellular redox status and the depletion of GSH is considered a marker of 
oxidative stress (36). GSH has an intracellular concentration between 0.5 and 10 mM, 
accounting for 99% of glutathione in unstressed cells (37). In addition, GSH is required for 
the maintenance of the thiol redox status of the cell, protection against oxidative damage, 
detoxification of endogenous and exogenous reactive species, storage and transport of 
cysteine, protein and DNA synthesis, cell cycle regulation, and cell differentiation (38). 
Glutathione also aids in the storage and transfer of cysteine. With the ability of thiols to 
undergo redox reactions, cysteine exhibits antioxidant properties by hydrogen donation and 
forms cystine, which produces toxic oxygen radicals. To avoid this, most of nonprotein 
cysteine is stored in glutathione (39).  
In addition, glutathione is an excellent scavenger of lipid peroxidation products that have 
been found to bind proteins inhibiting their activities (40, 41). Glutathione also reacts with 
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saturated reactive carbon atoms, unsaturated carbon atoms, and aromatic carbon atoms to 
detoxify the nucleophilic attack from the electrophilic carbon on these compounds (42). 
Moreover, glutathione forms metal complexes via nonezymatic reactions to terminate 
Fenton or Fenton-like reactions (37, 38, 42).   
In healthy individuals, oxidants and radicals are generally neutralized by antioxidant 
enzymes. However, with age and for individuals with certain ailments, the endogenous 
antioxidants may require exogenous assistance from dietary antioxidants in order to 
maintain the integrity of cell membranes. 
 
Figure 2-2 Consequences of reactive oxygen species in diseases and the preventive role of 
antioxidants. 
2.2.2 Dietary antioxidants 
Food-grade antioxidants have been used in food manufacturing to prevent food products 
from deterioration. Moreover, antioxidants have been of interest to health professionals 
because they help the body to protect itself against damage caused by ROS associated with 
degenerative disease (43), when the endogenous ROS defense system is not sufficient. 
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Therefore, more and more natural or synthesized antioxidants are used in food products, 
dietary supplements, and skin care products to relieve the oxidative stress.  
Antioxidants are essentially reducing agents and they participate in redox reactions by 
donating electrons or hydrogen atoms. There are some biologically important antioxidants 
but they can only be derived from diet. For example, Vitamin C (ascorbic acid or ascorbate) 
can neutralize free radicals by donating a hydrogen atom, forming ascorbyl radical, which 
readily reacts with NADH or NADPH-dependent reductases to regenerate ascorbate (44). 
The path way of Vitamin C as an antioxidant is similar to that of GSH aforementioned. 
Other dietary antioxidants of biological significance include Vitamin E (tocopherol), 
Vitamin A (carotenoids), green tea polyphenols (epicatechin, epicathechin-3-gallate, 
epigallocatechin, epigallocatechin-3-gallate), isoflavones (genistein, daidzein), caffeic 
acid, and resveratrol. (45).  
Alternatively, other antioxidants may reduce free radical formation by inducing the 
production and release of antioxidant enzymes like SOD or catalase (46), or by chelating 
redox-active metal ions (Cu+, Fe2+) and making them unavailable to participate in Fenton-
type reactions that generate free radicals (22). 
2.2.2.1 Ascorbic acid 
Ascorbic acid was discovered by James Lind in 1753 as an essential nutrient in humans by 
its capability of preventing scurvy in individuals deficient in ascorbic acid. This is due to 
its function in hydroxylation reactions of procollagen (47) and its regulation of collagen 
synthesis independent of hydroxylation (48). Besides its key function in connective tissue 
protein post-translational hydroxylation and carnitine synthesis (49, 50), ascorbic acid has 
been shown to facilitate iron absorption (51), inhibit mutagenesis and carcinogenesis (52-
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54), and strengthen immune system (55, 56).  Ascorbic acid also appears to be effective in 
inhibition of LDL oxidation and inhibition of leukocyte adhesion to the endothelium and 
vascular endothelial dysfunction, which are the possible mechanisms of atherosclerosis 
(57).  Moreover, ascorbic acid plays a role in prevention and treatment of cancer (58, 59), 
regulation of aging and inhibition of aging-related pathologies (60, 61), cardiovascular 
disease prevention and hypertension treatment (62-64), and lowering of side-effect toxicity 
of cancer treatment (65, 66). 
When encountered with free radicals, ascorbic acid is oxidized to ascorbate radical. It 
serves as a good antioxidant because the reduction potential of ascorbate radical/ascorbate 
thermodynamic couple is lower than that of hydroxyl radical, superoxide radical, 
glutathione radical, α-tocopherol radical, and alkyl peroxyl radical (67). As a versatile 
scavenger, ascorbate has also been evidenced by its high reactivity with free radical in body 
fluids (68). However, ascorbic acid oxidation has been demonstrated to exhibit crossover 
effect depending on its level due to a metal-catalyzed oxidation under a variety of 
conditions. Ascorbic acid barely chelates metal ions but it participates in the redox cycling 
of iron at a low concentration, resulting in generation of radical species (10, 69).  
In addition to its individual antioxidant effect, ascorbic acid functions in a collaboration 
with other compounds. Vitamin C in living organisms could regenerate primary lipid 
antioxidant vitamin E by reducing the tocopherol radical that is produced when vitamin E 
scavenges a peroxyl radical (70, 71). One potential mechanism for the damage of 
gastrointestinal (GI) tract caused by aspirin has been associated with oxygen radical-
dependent microvascular injury. But vitamin C has been reported to moderate the adverse 




Phenolics are a group of substances possessing an aromatic ring bearing one or more 
hydroxyl groups, including their functional derivatives. They generally originate from 
plants and are essential for their growth and reproduction. Phenolics can also act as 
antifeedants and antipathogens (73). In addition, they contribute to the pigmentation of 
plant foods and serve as antibiotics, natural pesticides, and protective agents against UV 
light. Intake of phenolics at high levels could cause a decrease in food palatability and fiber 
and protein digestibility, growth rate or feed conversion (74), inhibition of enzymes (75), 
and lower egg production (76). However, food-grade antioxidants of a phenolic nature have 
been widely used by food manufacturers to prevent quality deterioration of products and 
to maintain their nutritional value (77). Phenolics serve as excellent antioxidants because 
they can terminate radical chain reactions and form relatively stable radical intermediates 
due to resonance delocalization and lack of suitable sites for attack by molecular oxygen 
(78, 79). However, polyphenol oxidase (PPO), also rich in plants, is a major concern to 
food processors and researchers for the sake of enzymatic oxidation of phenolics catalyzed 
by PPO, mainly tyrosinase (80). The reaction does not only result in degradation of 
antioxidant phenolics, but the oxidation product quinone also causes subsequent reaction 
with proteins and enzymes and in turn brings about formation of brown pigments and 
affects sensory properties (81). 
The flavonols (-)-Epicatechin, (-)-Epicatechin gallate, (-)-Epigallocatechin, and (-)-
Epigallocatechin gallate, mainly sourced from tea, possess antioxidant activity due to the 
o-dihydroxylation of the B-ring (Figure 2-2) (82). Therefore, green tea extract has been 
extensively studied in various diseases associated with ROS. Epidemiological and animal 
model studies have shown antiangiogenic (prevention of tumor blood vessel growth), 
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antimutagenic, antidiabetic, antibacterial, antiaging, and anti-inflammatory activity. They 
also showed a protection effect against cancer such as skin, breast, prostate, and lung cancer 
(83). Phenolic acids are another group of phenolics largely existing in plants but they are 
present mainly in their glycosides and esters. It has been demonstrated that two or three 
neighboring phenolic hydroxyl groups and a carbonyl group are the essential molecular 
features required to achieve a high level of antioxidant activity (82). Among them, caffeic 
acid and its derivatives are believed to be associated with prevention of heart disease (84), 
against cancer (85) and even against toxicity induced by chemotherapy and radiotherapy 
(86). Resveratrol is a trihydroxystilbene found in grape and berry skins (87). Since 
resveratrol has a hydrophobic part, it is involved in lipid oxidation and thus has shown 
inhibitory effect on low-density lipoproteins (LDL) oxidation (88, 89), which has been 
suggested to contribute to the beneficial effect on coronary heart disease of red wine (90).   
Resveratrol also prevents cell proliferation in tumor cell lines in vitro (91) and decreases 
tumor growth in a rat tumor model (92).   
The most widely used method to determine total amount of phenolics is the Folin-Denis 
assay, in which phenolic compounds are able to reduce phosphomolybdic-phos-
photungstic acid (Folis-Denis) reagent to a blue-colored complex in an alkaline solution 
(93). For identification of individual groups of phenolics, UV spectrophotometric assay is 




Table 2-1 UV Absorption Patterns of Various Phenolic Compounds. Adapted from Macheix et al 
(94). 
Class of Compounds UV Absorption, λmax 
Benzoic acids 270-280 
Hydroxycinnamic acid 290-300a; 305-330 
Anthocyanic pigments 270-280; 315-325b 
Flavonols 
Flavan-3-ols 
250-270; 330b; 350-380 
270-280 
Coumarins 220-230; 310-350 
Flavones 250-270; 330-350 
Flavanones, Flavanonols 270-295; 300-330a 
Chalcones 220-270; 300-320; 340-390 
Aurones 240-270 
Isoflavones 245-270; 300-350 
Note: solvent is methanol, except for anthocyanin pigments in which methanol 
containing HCl 0.01% is used. 
a Shoulder. 
b In the case of acylation by hydroxycinnamic acids 
 
2.2.2.3 Alpha-lipoic acid (ALA)  
Alpha-lipoic acid (ALA) has an oxidized form (disulfide) and a reduced form 
(dihydrolipoic acid, DHLA), both of which show antioxidant properties. DHLA is the 
predominant form that quenches ROS, but the oxidized form of ALA can also inactivate 
free radicals (95).  ALA is an endogenous source of thiols found in mitochondria, acting 
as the coenzyme for pyruvate dehydrogenase and α–ketoglutarate dehydrogenase (96), but 
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only a small amount is synthesized in the human body. Therefore, dietary administration 
of ALA is necessary (97).  
ALA exhibits preventive or ameliorative effects in both Type I and Type II diabetes A (96). 
Clinic studies have also showed that ALA is a good candidate as an antioxidant agent in 
neurodegenerative diseases (98-100), which are partially caused by byproducts, free 
radicals, from mitochondria. DHLA prevents ischemia-reperfusion induced changes in 
fluidity and polarity of rat heart mitochondria (101-103).  ALA, rather than DHLA, 
protected against radiation injury to hematopoietic tissues in mice (104). 
The ALA/DHLA is a redox couple that ALA from diet is converted to DHLA in many 
tissues (105, 106). One or both of them effectively quench various free radicals in lipid and 
aqueous phases (96).  ALA has been generally identified as an antioxidant due to its 
scavenging ability of hydroxyl radicals (107, 108), hypochlorous acid (108, 109), and 
singlet oxygen (110, 111), and its chelating effect on transition metals (112). ALA also 
causes an increase in intracellular glutathione (113). On the other side, DHLA scavenges 
hypochlorous acid (108, 109), and peroxyl radicals (114) and probably scavenges hydroxyl 
radicals (107).  DHLA acts synergistically with other antioxidants because it regenerates 
other antioxidants from their radical or inactive forms (115, 116). However, DHLA may 
also serve as a pro-oxidant due to its reducing power on transition metals (117, 118).    
2.3 Nanomaterials 
2.3.1 Introduction 
The concept of nanoscience and technology has been put forward in the middle 20th 
century, and since then the discipline has developed at a fast pace. As a matter of fact, 
nanoscience and technology is an interdisciplinary and significant technical revolution in 
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the modern world.  Nano is a unit of length that 1 nm = 10-9 m. As a comparison, a human 
hair is around 100,000 nm. Nanomaterials are defined as an object that has at least one of 
three dimensions between 1-100 nm. They are different from either bulk materials or atoms 
and molecules. Several atoms or molecules are put together in well-defined ways to form 
an object in nanometer scale with novel and characteristic properties, which are different 
from bulk materials and individual atoms or molecules.   
Back to Greco-Roman times, ancient Egyptian used PbS nanocrystal based formula to dye 
hairs (119).   However, people did not realize the existence of the nanomaterials until Dr. 
Richard Feynman’s speech “There is plenty of room at the bottom” at the annual meeting 
of the American Physical Society at the California Institute of Technology on December 
29, 1959. He put forward “Why cannot we write the entire 24 volumes of the Encyclopedia 
Britannica on the head of a pin?” and “What would happen if we could arrange the atoms 
one by one the way we want them?” (120). The speech by this Nobel Prize winner has 
inspired scientists all over the world.  In 1999, a direct-write nanolithography has been 
developed that is writing alkanethiols with 30 nm linewidth resolution on a gold thin film 
(121). In the early 1980’s the scanning tunneling microscope was invented at IBM-Zurich 
by Drs. Gerd Bining and Heinrich Rohrer in Switzerland. This is the first instrument that 
was able to “see” atoms. A few years later, the Atomic Force Microscope was invented, 
expanding the capabilities and types of materials that could be investigated. Since then, 
research and development has resulted in tremendous advances in nanoscience and 
technology.  
Why materials in bulk could behave completely different than those at nanoscale? There 
are two basic size-dependent effects of materials: smoothly scalable effects that are related 
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to the fraction of atoms at the surface and quantum effects that show discontinuous 
behavior due to completion of shells in systems with delocalized electrons (122). Owing 
to the characteristic properties of nanomaterials, nanotechnology has been studied cross-
disciplinarity, including physics, chemistry, material science, biomedicine, electronics, 
biology, and processing. When faced with strategic problems, such as spread of disease, 
environmental pollution, and energy deficiency, people give much expectation to 
nanotechnology. 
2.3.2 Application 
Nanomaterials have been involved with more than 500 consumer products and it is 
estimated that the value of products with nanotechnology applications is $1 trillion on the 
world market (123). A variety of nanomaterials have been synthesized and applied 
depending on their end use, some of which are designed for direct use while some have 
been developed as delivery systems. Currently, the United States Environmental Protection 
Agency is assessing types of nanomaterials that are widely used in products or have been 
recognized for their potential to be used, including carbon nanotubes, nano silver, 
micronized copper, cerium oxide, titanium dioxide, and iron in nano-scale (123). Herein, 
we are introducing some nanomaterials of great importance in consumer products. 
2.3.2.1 Carbon nanotubes 
Carbon nanotubes (CNTs) are long cylinders of covalently bonded carbon atoms.  There 
are two basic types of CNTs: single-wall carbon nanotubes (SWCNTs) that are in 
fundamental cylindrical structure and multi-wall carbon nanotubes (MWCNTs) that are 
made of coaxial cylinders (Figure 2-3) (124). Due to their remarkable mechanical 
properties (125), CNTs have also been utilized as promising nanofiller for polymer 
composites through being added to enhance polymer performance. In addition, the 
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extraordinary electrical properties of CNTs (126) make them a good candidate in the 
application of biosensors (127, 128).  
 
Figure 2-3 Schematic diagrams of single-wall carbon nanotube (SWCNT) and multi-wall carbon 
nanotube (MWCNT). Adapted from Choudhary and Gupta’s work (124). 
2.3.2.2 Metal oxide  
Both zinc oxide (ZnO) and titanium dioxide (TiO2) nanoparticles have been studied in 
sunscreen applications because they could attenuate ultraviolet light, a known carcinogen, 
by adsorption and scattering depending on their size (129). Nevertheless, exposure of these 
metal oxides also causes formation of free radicals, termed as phototoxicity, which may 
further results in cytotoxicity and genotoxicity (130). Therefore, the dermal penetration of 
those nanoparticles is an important issue related to the usage of ZnO and TiO2 nanoparticles 
(131). Nanostructured TiO2 has also been developed for dye-sensitized solar cells because 
it provides large surface area, which allows a larger amount of dye to be attached to the 
TiO2 surface (132, 133). Moreover, TiO2 nanoparticles have demonstrated antibacterial 
activity (134) and they could potentially decrease pasteurization temperature for orange 
juice when incorporated in food packaging (135). Private industry has developed an 
approach to decrease the amount of particulate matter in air using cerium oxide (CeO2) 
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nanoparticles (136). Likewise, CeO2 nanoparticles find their usage in treatment of medical 
disorders caused by ROS on account of their radical scavenging effect (137). However, 
some reported contrary observation that ROS generation was induced by CeO2 
nanoparticles (138). Xue et al later found out the oxidant/antioxidant property of CeO2 
nanoparticles was related to the presence of environmental anions (139).    
2.3.2.3 Transition metal nanoparticles (Fe, Cu) 
As an essential element present in food, copper exists in the form of ions or salts, exerting 
antimicrobial activity. The activity has also been extensively exploited in nanostructured 
copper generated in the form of element or oxide, which then were embedded in 
polyethylene (140), impregnated with cotton fabrics (141), or immobilized on chitosan 
(142). CuO nanoparticles were demonstrated to control oral biofilm due to their activity 
against a range of bacterial pathogens (143). Iron nanoparticles are a group of 
nanomaterials providing opportunities in biology and biomedicine because of the 
superparamagnetism and its response to a magnetic field (144). Since iron nanoparticles 
could be easily manipulated through external magnetic force, they have been explored as 
a perfect application in magnetic separation. For example, ferrofluids have been utilized as 
a highly sensitive technique to select rare tumor cells (145). In addition, the magnetic 
moment of iron nanoparticles enhances the signal of nearby protons, which allows them to 
act as a Magnetic resonance imaging (MRI) contrast agent.  Also, the size of iron oxide 
nanoparticles significantly affects the imaging result due to different tissues uptake (146-
148). Furthermore, since Gilchrist et al realized that iron nanoparticles have potential to 
treat cancer via hyperthermia in that the nanoparticles generate heat when an external 
magnetic field is applied (149), many studies have been conducted to further investigate 
its feasibility (150).    
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2.3.2.4 Gold nanoparticles  
Currently, the preciousness of noble metals extends their application in the form of 
nanoparticles or colloids in the context of emerging nanoscience and nanotechnology. As 
a matter of fact, noble metal nanoparticles have already existed in ancient products. For 
example, the Lycurgus Cup that was manufactured in the 5th to 4th century B.C. is ruby red 
in transmitted light and green in reflected light due to the presence of gold colloids (151), 
as shown in Figure 2-4.  People at that time did not realize it was caused by the surface 
plasmon resonance (SPR) property of gold nanoparticles.  The plasmon resonance can 
either radiate light (Mie scattering), a process that finds great utility in optical and imaging 
fields, or be rapidly converted to heat (absorption) (152). The SPR property of Au 
nanoparticles is strongly associated with their size, shape, and dielectric environment, thus 
Au NPs can be tuned according to practical need. Using UV-vis spectrophotometer, Au 
nanosphere 10 nm has a strong absorption around 520 nm, while the SPR red shifts to 530 
nm for the nanospheres @ 40 nm.  Due to the strongly enhanced SPR, Au NPs scatter light 
intensely at the SPR frequency, making them excellent candidates for optical imaging and 
labeling of biological systems (153, 154).  Since the dielectric constant of the medium 
surrounding nanoparticles attributes to the surface plasmon oscillation frequency, the 
environment change could be sensed by monitoring SPR red-shift (155, 156). In addition, 
in contrast to the inert nature of bulk gold, Au NPs were found to exhibit an enhanced 




Figure 2-4 Lycurgus Cup is now present in British museum. The Cup was captured in visible light 
(left) and flash without light coming through the glass (right). Adapted from 
http://en.wikipedia.org/wiki/Lycurgus_Cup.  
2.3.2.5 Silver nanoparticles 
Silver has been used for at least six millennia to prevent microbial infections and it was the 
most important antimicrobial agent before the introduction of antibiotics (160). In recent 
decades, the availability of silver nanomaterials enables silver to regain great interests due 
to their enhanced physicochemical and biological properties and activities compared to 
their bulk parent materials (161). Silver nanoparticles (Ag NPs) have been found to be 
antimicrobial in a broad spectrum, such as Escherichia coli, Staphylococcus aureus, E. coli 
K12, Pseudomonas mendocina KR1, MS2 bacteriophage (162-165), as well as fungus 
pathogenic Candida species (166). Also, Ag NPs were confirmed to exert anti-HIV activity 
at an early stage of viral replication (167). Owing to their antimicrobial properties, Ag NPs 
have been used as anti-inflammatory dressing (168-170), anti-angiogenic (171, 172) and 
21 
 
antineoplastic (173, 174) agents as well as gynecology and reproductive medicine (175, 
176) in surgery and wound therapy. Ag NPs have also been incorporated with other 
polymers to form antimicrobial packaging for food and other consumer products (177, 
178). The antibacterial mechanism is still in discussion. Some believe it is the silver ions 
converted from Ag NPs that kill pathogens; while others think it is the direct contact of Ag 
NPs which causes the breakdown of bacterial membrane or other necessary proteins and 
their effect is dependent on their shapes with the same surface area.  
2.3.2.6 Platinum nanoparticles 
In contradiction of the inertness of platinum in bulk form, Pt nanomaterials showed 
extraordinary catalytic activity on oxidation of methanol (179) and hydrogenation of 
ethylene (180).  Controlling the catalytic activity of Pt NPs could be achieved through 
changing their shape and facet (181). In biomedical field, Pt NPs have been applied in 
biosensor due to their peroxidase-like properties (182-184). Among all the Pt NPs, those 
in alloy structure could greatly enhance their catalysis performance. For example, during 
the catalysis of methanol oxidation, the catalytic ability of pure Pt NPs was reduced 
significantly due to their absorption of the reaction intermediate.. However, Pt alloyed with 
other metal elements obviously overcame the catalyst deactivation (185-187).  Besides the 
catalytic activity, Pt NPs have been reported as antioxidants to scavenge ROS (188, 189) 
and in turn reduce oxidative stress on cells (190). In clinical study, Platinum nanomaterials 
have been utilized as anticancer drugs after modification with recognition molecules (191). 
2.4 Concerns 
The possible effects on human health and ecosystem health come along with the wide 
application of nanomaterials. The unique properties of nanomaterials could cause their 
enhanced performance in both positive and negative ways. For example, Su et al found that 
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the bactericidal effect of Ag NPs was due to their sorption to the negatively charged 
bacterial cell wall, deactivation of cellular enzymes, and disruption of membrane 
permeability (192). However, another study reported that the silver ions released by Ag 
NPs could result in complete deenergization and probably cell death of normal cells (193). 
Therefore, the topics on toxicity induced by noble metal nanoparticles including 
cytotoxicity and genotoxicity are still in discussion due to the speculation of all possible 
underlying mechanisms. However, it is thought that the major effect of noble metal 
nanoparticles on biological systems is the generation of ROS and accordingly induced 
oxidative stress.   
2.4.1 Noble metal nanoparticles with ROS  
Numerous studies have been conducted to evaluate cytotoxicity and genotoxicity of silver 
nanoparticles in various cell lines including human normal cell (194), human carcinemia 
cell (195, 196), rat cell (197), and murine macrophages (198). They all believe that the 
mitochondrial damage, viability or apoptosis of cells has been associated with ROS 
generation induced by silver nanoparticles. Also, It is also reported that cell damage caused 
by Ag NPs has been related to their inhibition on GSH (199). Lim et al investigated the 
toxicity induced by Ag NPs in Caenorhabditis elegans and found it to be related to 
formation of ROS (200).  Platinum nanoparticles have been claimed as ROS scavengers, 
and in turn showed anti-inflammatory effects on lipopolysaccharide-induced macrophages 
(201, 202), neuroprotective effect in ischemic mouse brains (203), inhibitive effects on the 
apoptosis of human breast cell line induced by oxidant (204), and protective effect on the 
apoptosis of HeCaT keratinocytes cell lines induced by UV-light (205). Because of the 
specific property against ROS, Pt NPs have been commercialized in many consumer 
products and claimed as antioxidant ingredients.  
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Major studies have found gold nanoparticles play an important role in production of ROS. 
Au NPs could enhance formation of ROS in human breast cancer cells under light 
irradiation (206) and in human epithelia cancer cells when exposed to a low power laser 
light (207). Furthermore, Misawa and Takahashi have confirmed the generation of 
hydroxyl radical and superoxide anion induced by Au NPs under x-ray and UV irradiations 
(208). Nevertheless, the scavenging effect of Au NPs on DPPH radical, a non-biological 
existing radical, was examined to support their antioxidative property (209).  In addition, 
Au NPs supported by ceria were demonstrated to reduce ROS in human cell lines due to 
their peroxidase-like activity (210).    
Overall, the relationship between ROS and noble metal nanoparticles is different and each 
type of noble metal nanoparticles showed various influence on ROS. Notwithstanding, 
most of studies attribute the impact of noble metal nanoparticles on biological system to 
their behavior to intracellular ROS.   
2.4.2 Experimental approaches 
Currently, the commonly used method to detect ROS is fluorescence spectrometry. This 
indirect method is however limited in sensitivity and identification of specific ROS. 
Electron spin resonance (ESR) spectroscopy is a non-destructive method that could 
quantitatively and definitively detect and identify unpaired electrons. Three distinct ESR 
approaches are: 1) straight detection of long-lived paramagnetic species; 2) detection of 
unstable species trapped by spin traps that are ESR silent; and 3) investigation of specific 




Ascorbyl radical is ESR detectable, which enables ESR feasible to monitor ascorbic acid 
oxidation. Since ascorbic acid is highly sensitive to the oxidative status of biological 
system, ascorbyl radical is the most exploited endogenous marker of oxidative status (10, 
212).  
Since most ROS are short-lived free radicals that are highly reactive, ESR is an excellent 
tool for ROS determination with the help of spin traps. Spin traps are autologous ESR silent 
but they physically interact with free radicals and form stable spin adducts that are ESR 
detectable with specific characteristics. Figure 2-5 shows the principle of formation of 




Figure 2-5 The basic principles of ESR spin-trapping method, shown on the example of spin-trap 
DEPMPO and a variety of physiologically most relevant free radicals-hydroxyl radical, superoxide 
anion radical, hydrogen atom, nitrogen dioxide radical, carbon dioxide radical, and glutathione thiyl 
radical. EPR represents ESR. Adapted from Spasojevic’s review (211). 
As an important participant in redox reactions, oxygen could be quantitatively measured 
by monitoring the ESR signal of a spin label that is a stable nitroxide free radical. In ESR 
oximetry, commonly used water-soluble spin labels are 14N-containing nitroxide, 3-
carbamoyl-2,2,5,5-tetramethyl-3-pyrroline-1-yloxyl (CTPO) and 15N-containing nitroxide 
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perdeutero, 15N-2,2,6, 6-tetramethyle-4-piperidone-1-oxyl (15N-PDT) (213). Their ESR 
spectra shapes are dependent on the amount of O2 molecule interacting with the spin labels, 
which means the dissolved oxygen content in reaction system (Figure 2-6).  
 
Figure 2-6 Left: The superhyperfine structure of the center field line from ESR spectra of CTPO in 
nitrogen-saturated (black) and air-saturated (blue) aqueous solution. The K parameter is used to 
determine oxygen concentration and is calculated by the equation K = (b+c)/2a. Right: The hyperfine 
structure of the low field line from the ESR spectra of 15N-PDT in a nitrogen atmosphere (red line) or 
air-saturated (black line) aqueous solutions.  
2.5 Significance of current work 
In vitro and in vivo investigations have provided strong evidence on the benefit of 
antioxidants, whereas intervention studies have produced extremely contrasting results that 
no evidence of benefits is reported, and in some instances, even an enhancement of the 
mortality rates has been recorded (214-216). We have also revealed crossover activity of 
selected antioxidants in the presence of copper (217). Consequently, studies focusing only 
on single compound without any information on the efficiency of the network may 
underestimate the impact of antioxidants in oxidative stress prevention (218). The impact 
of noble metal nanoparticles on ROS has been extensively studied in model systems or 
cells, but information related to each individual ROS is lacking. Moreover, in biological or 















due to the complicated environment. For example, they could influence antioxidants and 
in turn affect ROS.  The combination of nanoparticles and antioxidant could result in 




Chapter 3: Mechanisms of the pH dependent generation of hydroxyl 
radicals and oxygen induced by Ag nanoparticles 
Adapted from He, W. W.*; Zhou, Y. T.*; Wamer, W. G.; Boudreau, M. D.; Yin, J. J., 
Mechanisms of the pH dependent generation of hydroxyl radicals and oxygen induced by 
Ag nanoparticles. Biomaterials 2012, 33, 7547-7555. 
3.1 Introduction 
Silver has been used in medical applications for hundreds years because of its antibacterial 
properties. Advances in nanotechnology have further increased the availability of silver 
nanoparticles (Ag NPs) with a wide range of physiochemical properties. The increased 
availability and reported superior and size-dependent antibacterial activity of Ag NPs have 
resulted in their widespread use in clothing, cosmetics, electronics, food packaging, 
medical devices, textiles, and various household products (219-222). The widespread use 
of Ag NPs inevitably results in their release into the environment. Currently, there are 
concerns that the distinctive physicochemical properties of nanomaterials may lead to 
adverse biological and environmental effects. Investigators have reported that Ag NPs are 
highly toxic to Chlamydomonas reinhardtii (223), freshwater alga Ochromonas danica 
(224), some beneficial microbial communities (225), and human cells (226). However, 
generally, the short- and long-term risks associated with uses of Ag NPs are incompletely 
understood. Among the previously reported mechanisms (199, 226-232), the generation of 
ROS and the dissolution of Ag NPs have been proposed as the two dominant hypotheses 
for toxicity induced by Ag NPs (199, 227-230, 232). Overproduction of ROS, including 
superoxide, hydroxyl radicals, singlet oxygen, and hydrogen peroxide (H2O2), can induce 
oxidative stress and result in significant damage to cellular components. To understand the 
toxicity of Ag NPs, it is important to identify the types of ROS generated because ROS 
differ in their oxidizing/reducing activities. In most available studies, the production of 
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ROS has been determined by indirect spectroscopic methods (192, 233-235). However, 
definitive identification of ROS with these methods is difficult since ROS are short-lived 
and can be quickly scavenged by endogenous reductants or scavengers. In addition, the 
toxicity may be associated with concomitant release of Ag+ due to dissolution under 
physiological conditions, as reported previously (236-240). One study pointed out that Ag+ 
was released from Ag NPs, causing cytotoxicity and bacterial death (236). The detailed 
underlying mechanism for toxicity, however, was not determined since the oxidation of Ag 
NPs proceeded through complex processes and was affected by the particle size, surface 
coating, medium pH and concentration, dissolved oxygen and ligand molecules (241-243). 
In the current study, we have used electron spin resonance (ESR) spectroscopy to examine 
the effects of Ag NPs on generation of ROS. ESR spectroscopy with spin trapping is the 
most reliable and direct method for identification and quantification of short-lived free 
radicals (217, 244-246). To assess the role of Ag NPs in environmentally and biologically 
relevant redox reactions, we have examined the effects of Ag NPs on the decomposition of 
H2O2 over a range of pHs. 
Because hydrogen peroxide is continuously formed at micromolar levels and participates 
in redox homeostasis in cells and tissues (245, 247-249), it is meaningful to study the 
interaction between H2O2 and Ag NPs. Up to now, little mechanistic information is 
available for the effects of Ag NPs on the oxidation/reduction of H2O2, especially over a 
wide pH range. Herein, we examine the effects of Ag NPs upon generation of ROS and 
oxygen over a physiologically relevant pH range. 
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3.2 Materials and methods 
3.2.1 Materials 
Ag nanoparticles (10, 20, 30, 40, 50, 60, 75,100 nm) with a spherical morphology and 
coated with polyvinylpyrrolidone (PVP), citrate or tannic acid were purchased from 
nanoComposix, Inc. (San Diego, CA) and used as received. Ag nanoparticles (75 nm) 
coated with polystyrenesulfonate (PSS) were a gift from X.C.Wu at National Center for 
Nanoscience and Technology, China. The spin traps, 5, 5-dimethyl N-oxide pyrroline 
(DMPO) and 5-(diethoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide (DEPMPO), were 
purchased from Radical Vision (Marseille, France) and 5-tertbutoxycarbonyl 5-methyl-1-
pyrroline N-oxide (BMPO) was from Bioanalytical Labs (Sarasota, FL). The spin label 3-
carbamoyl-2,5-dihydro-2,2,5,5-tetramethyl-1H-pyrrol-1-yloxyl (CTPO), spin trap a-(4-
pyridyl-1-oxide)-N-tert-butylnitrone (4-POBN), AgNO3, Ag wire with diameter of 0.5 
mm, 3 mm Ag powder, 30% H2O2, dimethyl sulfoxide (DMSO), ethanol, and standard 
buffer solutions were all purchased from Sigma-Aldrich (St. Louis, MO). Each buffer stock 
solution (pH 1.2 HCl/KCl, pH 3.6 HAc/NaAc, pH 4.6 HAc/NaAc, pH 5.5 HAc/NaAc, pH 
6.5 HAc/NaAc, pH 7.4 PBS, pH 9.5 borax and pH 11.0 borax) was 0.1 M. Before use, each 
buffer was treated with Chelex®100 molecular biology grade resin from Bio-Rad 
Laboratories (Hercules, CA) to remove trace metal ions. Milli-Q water (18 MΩ cm) was 
used for all solution preparations. Artificial perspiration was obtained from Pickering 
Laboratories (Mountain View, CA) and contained lactic acid, uric acid, urea, minerals and 
amino acids, pH 4.5. A cosmetic emulsion, formulated as a representative skin care cream, 
was made according to Kraeling and Bronaugh’s study (250) using phosphate-sodium 




Transmission electron microscopy (TEM) images were captured on a JEM 2100 FEG 
(JEOL) transmission electron microscope at an accelerating voltage of 200 kV located at 
the NanoCenter, University of Maryland, College Park, MD. To observe the morphological 
evolution of the nanoparticles after oxidation, 0.2 mg/mL Ag NPs and 5mM H2O2 were 
mixed in 0.5 mL 10mM pH 11.0 borax buffer solution for 30 min and twice centrifuged 
(12,000 rpm, 5 min). After the supernatants were decanted, 20 mL water was added to 
redisperse the precipitates. The samples for TEM analysis were prepared by adding drops 
of the redispersed colloidal solutions onto standard holey carbon-coated copper grids, 
which were then air dried at room temperature. 
UV-vis absorption spectra were obtained using a Varian Cary 300 spectrophotometer. The 
oxidation of Ag NPs by H2O2 in buffers at different pHs was performed as follows: H2O2 
(freshly prepared) was mixed with different pH buffers and made up with H2O to a final 
concentration of 5mM and 10mM, respectively. Then, Ag NPs (10 mL, 1.0 mg/mL) having 
different sizes were added into the above mixture. To monitor the progress of the reaction, 
absorption spectra were collected at 1 min intervals using the scanning kinetics mode of 
the spectrophotometer. 
3.2.3 Electron spin resonance (ESR) 
All ESR measurements were carried out using a Bruker EMX ESR spectrometer (Billerica, 
MA) at ambient temperature. Fifty microliter aliquots of control or sample solutions were 
put in glass capillary tubes with internal diameters of 1 mm and sealed. The capillary tubes 
were inserted in the ESR cavity, and the spectra were recorded at selected times. Other 
settings were as follows: 1 G field modulation, 100 G scan range, and 20 mW microwave 
power for detection of spin adducts using spin traps and 0.04 G field modulation, 5 G scan 
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range, and 1 mW microwave power for ESR oximetry using the spin label CTPO. The spin 
traps DMPO, BMPO, DEPMPO, and POBN were employed to verify the formation of 
hydroxyl radicals (∙OH) during the degradation of H2O2 enhanced by Ag NPs under various 
conditions. DMPO was used in experiments designed to quantitatively estimate the 
formation of hydroxyl radicals. In these experiments, the intensity of the ESR signal was 
measured as the peak-to-peak height of the second line of ESR spectrum of the hydroxyl 
radical spin adduct with DMPO (DMPO/∙OH). 
Hydrogen peroxide solution was mixed with DMPO in buffers of different pHs and the 
reaction was initiated by addition of Ag NPs. ESR spin label oximetry in conjunction with 
the water soluble spin label CTPO was used to investigate oxygen generation since the 
super hyperfine structure change in the ESR spectrum of CTPO is a sensitive measure of 
changes in O2 concentration. The detailed method for calculating O2 concentrations, based 
on the ESR spectrum of CTPO has been described in a previous review (213). The sample 
mixture, containing CTPO, H2O2, buffer, with or without Ag NPs, was deoxygenated by 
aerating with N2. The final concentration of each component is described in each figure 
caption. 
3.3 Results and discussion 
3.3.1 Generation of hydroxyl radicals induced by Ag NPs 
Hydroxyl radicals (∙OH) cannot be detected directly by ESR because of their short lifetime. 
However, they readily react with diamagnetic nitrone spin traps, forming a stable free 
radical (spin adduct) that can be identified from the magnetic parameters of the ESR 
spectrum (244). To verify the generation of hydroxyl radicals induced by Ag NPs, we chose 
four spin traps that are often used to capture hydroxyl radicals, DMPO, DEPMPO, BMPO 
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and POBN. Figure 3-1 shows the ESR spectra obtained for solutions at pH 3.6 containing 
different spin traps without or with Ag NPs. For samples containing only H2O2 and a spin 
trap (Figure 3-1A), characteristic ESR spectra for spin adducts attributable to hydroxyl 
radical were absent. However, ESR spectra characteristic for the hydroxyl radical spin 
adduct for each spin trap appeared upon the reaction of H2O2 with 0.1 mg/mL Ag NPs for 
2 min (Figure 3-1B). In the sample containing DMPO, we observed a four-line spectrum 
with relative intensities of 1:2:2:1, and hyperfine splitting parameters of αN = αH =14.9 G. 
This ESR spectrum is characteristic for the spin adduct between DMPO and the hydroxyl 
radical (DMPO/∙OH) (251). Use of DEPMPO resulted in the ESR spectrum expected for 
the DEPMPO/∙OH adduct, having eight lines with intensity ratios of 1:2:2:1:1:2:2:1 and 
hyperfine splitting parameters of αP = 47.3 G, αH = 13.2 G, αN = 14.0 G (252). An ESR 
spectrum characteristic for the BMPO/∙OH spin adduct (four lines with relative intensities 
of 1:2:2:1 and hyperfine splitting parameters of αN = 13.56, αβH = 12.30, αγH = 0.66) was 
observed when BMPO was the added spin trap (251). Spin trap POBN was dissolved in 
170 mM ethanol rather than water. Addition of Ag NPs yielded a six-line ESR spectrum 
representative of POBN/∙CH(OH)CH3 adduct. The ∙CH(OH)CH3 radicals are formed in the 
reaction between ethanol and ∙OH (253). All of these results support the conclusion that 
hydroxyl radicals are generated when decomposition of hydrogen peroxide is assisted by 
Ag NPs under acidic conditions. Moreover, the addition of 5% DMSO, a commonly 
recognized hydroxyl radical scavenger (254), greatly reduced the DMPO/∙OH ESR signal 
intensity. This result provides additional evidence for the generation of ∙OH in the presence 
of Ag NPs (Figure 3-2). It should be noted that no spin adducts attributable to superoxide 
radical anion were observed. In contrast, other investigators have reported superoxide 
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radical anion formation during Ag NP-assisted H2O2 decomposition (234, 255). Detection 
of the formation of superoxide radical anion by ESR has been reported for decomposition 
of H2O2 assisted by Ag NPs on an alumina support in 1.0 M KOH (255). These 
experimental conditions differ dramatically both from our experimental conditions and 
those expected in environmental and biological systems. Other studies reporting 
superoxide radical anion formation during decomposition of H2O2 in the presence of Ag 
NPs have used indirect methods for detecting this radical (234). 
 
Figure 3-1 Demonstration of hydroxyl radicals generated by Ag NPs in presence of hydrogen peroxide 
at pH 3.6 (10 mM HAc/NaAc buffer) using different spin traps. The sample solutions contained 0.5 
mM H2O2 and different spin traps (50 mM DMPO, 28 mM DEPMPO, 25 mM BMPO, or 50 mM 
POBN) in absence of Ag NPs (spectra in column A) or in presence of 0.1 mg/mL citrate coated Ag NPs 




Figure 3-2 ESR spectra of hydroxyl radical in the absence (a) and presence (b) of 0.1 mg/mL citrate 
coated Ag NPs. Addition of 5% DMSO suppresses the formation of the spin adduct (c). Conditions: 
0.1 mg/mL 75 nm citrate coated Ag NPs + 10 mM pH 3.6 HAc/NaAc buffer + 50 mM DMPO+ 0.5 mM 
H2O2, obtained after 6 min incubation. 
 
Figure 3-3 Generation of hydroxyl radicals induced by silver in different forms. Sample solutions 
included 50 mM DMPO, 0.5 mM H2O2, 10 mM HAc/NaAc buffer (pH 3.6), and (a) no silver; (b) 0.54 
mg/mL Ag+; (c) 4 mg Ag wire (OD 500 µm; in 50 µl); (d) 0.2 mg/mL 3 µm Ag powder; (e) 0.1 mg/mL 




Figure 3-4 Effect of surface coating of Ag NPs on generation of hydroxyl radicals. Conditions: 0.1 
mg/mL 75 nm Ag NPs with different coatings + 10 mM pH 3.6 HAc-NaAc buffer + 50 mM DMPO + 
0.5 mM H2O2, incubation time 6 min. 
Two sets of experiments were performed to determine whether Ag NPs differ from other 
forms of silver in their ability to elicit hydroxyl radicals during decomposition of hydrogen 
peroxide. 
First, generation of hydroxyl radicals from H2O2 was studied in the presence of Ag+, bulk 
Ag wire (with diameter 0.5 mm), 3-5 mm Ag micro particles, or 75 nm Ag NPs (Figure 3-
3). Similar to control sample (no silver), little hydroxyl radical was generated in the 
presence of 0.54 mg/mL AgNO3. Even after 30 min of incubation and at concentrations up 
to 500 mg/mL AgNO3, Ag+ had no discernible effect on the ESR signal observed for the 
hydroxyl radical spin adduct (data not shown). These results demonstrate that Ag+ had no 
significant activity for generating hydroxyl radicals in the presence of H2O2. In comparison 
with bulk silver and microscaled silver powder, higher levels of hydroxyl radical were 
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observed using 75 nm Ag NPs coated with citrate. This effect may be attributed to the large 
surface area to mass ratio of nanoparticles. Next, we investigated the effect of surface 
coating on the capability of Ag NPs to produce hydroxyl radicals from H2O2. Ag NP with 
four coatings, including polyvinylpyrrolidone (PVP), citrate, tannic acid and 
polystyrenesulfonate (PSS), all efficiently assisted in generating hydroxyl radicals (Figure 
3-4). Among these coatings, Ag NPs coated with PVP were less efficient than Ag NPs with 
the other three coatings. This observation is consistent with a previous report that PVP 
coated Ag NPs were less toxic than citrate coated Ag NPs and may reflect the ease with 
which citrate is displaced from Ag NPs compared to other coatings (256). 
3.3.2 Ag NPs generating hydroxyl radicals based on Fenton-like activity 
Hydrogen peroxide has been found to produce hydroxyl radicals in two ways: they are 
formed by UV irradiation, reaction (1), and Fenton or Fenton-like reactions involving 
transition metal ions such as Fe2+ and Cu2+, reaction (2) (257). 
H2O2 + hν → 2•OH                                 (1) 
H2O2 + Mn+ → Mn+1 + •OH + OH-          (2) 
Currently, mechanistic studies on the ability of metal nanoparticles (such as Ag NPs) to 
induce ∙OH generation in presence of H2O2 are largely lacking. Does Ag NP act as a 
catalyst or is it involved in a Fenton-like pathway to produce ∙OH? Theoretically, elemental 
silver ((φAg+/Ag = +0.7996 V, reaction (3)) can be oxidized to Ag+ by dissolved oxygen 
having a reduction potential of 1.2 V or by hydrogen peroxide having a reduction potential 
of 1.77 V, reaction (4).The oxidative dissolution of Ag NPs has been demonstrated in 
several kinetic and mechanistic studies (237-240). In the current study, the oxidation of Ag 
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NPs was evidenced by the visible color change from original yellow to colorless and 
gradual decrease of the surface plasmon resonance (SPR) peak, centered near 400 nm, 
during the incubation with hydrogen peroxide. Therefore, the possibility of Ag NPs acting 
catalytically can be excluded since dissolution of Ag NPs to form Ag+ accompanied the 
decomposition of hydrogen peroxide under conditions leading to the formation of hydroxyl 
radicals. 
Ag+ + e- = Ag (φ = +0.7996 V)     (3) 
H2O2 + 2H+ + 2e- = 2H2O (φ = +1.77 V) (4) 
The formation of hydroxyl radicals may go through a process similar to the Fenton reaction 
where Ag NPs act as a Fenton-like reagent: 
Ag + H2O2 + H+ = Ag+ + ∙OH + H2O  (5) 
The valence of Ag changes from zero to one, thus Ag NPs may be viewed as “Fenton 
nanoparticles”, and the concentration dependence should be predicted by reaction (5). That 
is, the production of hydroxyl radicals will be accelerated by increasing the Ag NPs or 
hydrogen peroxide concentration, or decreasing the pH of the buffer. In addition, 
production of ∙OH will be inhibited by addition of Ag+ or increasing the pH of the buffer. 
To test the hypothesis that Ag NPs are involved in a Fenton-like reaction, the effect of 
reactant/product concentrations and pH on hydroxyl radical production was determined. 
The influence of Ag NPs concentration, hydrogen peroxide concentration and Ag+ 
concentration on the generation of hydroxyl radicals has been studied as shown in Figure 
3-5. In the absence of Ag NPs, the DMPO/∙OH ESR signal was barely observed (Figure 3-
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5A, a) and the signal intensity increased as more Ag NPs were added (Figure 3-5A, b-f). 
As shown in Figure 3-5B, the production of ∙OH was quasi-linearly proportional to the 
concentration of Ag NPs from 4 µg/mL to 0.1 mg/mL. Also a direct correlation between 
DMPO/∙OH signal intensity and H2O2 concentration was found (Figure 3-5C). At lower 
H2O2 concentrations (≤1.0 mM), a linear relationship was observed (Figure 3-5C, red 
dashed line). At concentrations of H2O2 above 1 mM, generation of hydroxyl radicals no 
longer increased indicating a saturation of the reactivity of Ag NPs. When added without 
Ag NPs, Ag+ induced a negligible ESR signal for the hydroxyl radical spin adduct (Figure 
3-5D, spectrum b). In the presence of Ag NPs, Ag+ suppressed the generation of hydroxyl 
radical (Figure 3-5D, spectrum d compared to spectrum c). This result is consistent with 





Figure 3-5 (A) ESR spectra of DMPO/∙OH generated from a sample solution containing 50 mM DMPO, 
0.5 mM H2O2 and 10 mM pH 3.6 HAc/NaAc buffer in the absence (a) and presence of 75 nm citrate 
coated Ag NPs with concentration of 0.004 (b), 0.01 (c), 0.025 (d), 0.05 (e), and 0.1 (f) mg/mL. (B) 
Dependence of ∙OH generation on the concentration of Ag NPs as indicated in A. (C) Effect of H2O2 on 
the generation of ∙OH from samples containing 50 mM DMPO, 0.1 mg/mL 75 nm citrate coated Ag 
NPs, 10 mM HAc/NaAc buffer (pH 3.6), and H2O2 at different concentrations; inset shows the spectra 
obtained from samples without H2O2 (upper) and with 0.5 mM H2O2 (lower). (D) Effect of Ag+ on the 
generation of hydroxyl radicals induced by Ag NPs. Solutions included 10 mM HAc/NaAc buffer (pH 
3.6), 50 mM DMPO, 0.5 mM H2O2, and a), none; b), 5 mM Ag+; c), 0.1 mg/mL 75 nm citrate coated Ag 
NPs; d), 5 mM Ag+ and 0.1 mg/mL 75 nm citrate coated Ag NPs. All the spectra were obtained 6 min 
after mixing.  
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3.3.3 pH dependent hydroxyl radicals generation 
 
Figure 3-6(A) ESR spectra of hydroxyl radicals generated in absence and presence of Ag nanoparticles 
with different pH buffer solutions containing 0.1 mg/mL 75 nm Ag NPs, 10 mM buffer, 50 mM DMPO, 
and 0.5 mM H2O2. (B) ESR signal intensity vs buffer pH from (A). Samples contained 50 mM DMPO, 
0.5 mM H2O2; all of the spectra were obtained after 6 min of incubation. 
In control solutions (no Ag NPs) with pH ranging from 1.2 to 11.0, no apparent signal of 
∙OH was detected (Figure 3-6A). With addition of Ag NPs, the ESR data collected for 
samples having a pH 1.2, 3.6 and 4.6 showed the spectrum characteristic of the DMPO/∙OH 
adduct. The ∙OH was generated most efficiently at pH 1.2 and its production decreased 
dramatically in the buffers with pH increasing from 1.2 to 4.6 (Figure 3-6B). Above pH 
7.4, the ESR spectra were comparable to that of the control sample where the signal for the 
spin adduct DMPO/∙OH was negligible. These results indicate that the generation of 
hydroxyl radicals induced by Ag NPs is strongly dependent on the chemical environment 
and that more ∙OH is formed at a lower pH. The concentration and pH dependences we 
have observed are consistent with the proposed Fenton-like mechanism. 
It is well established that hydroxyl radicals are extremely reactive and can cause oxidative 
damage leading to toxicity in biological systems (257). The pH dependence of ∙OH induced 
42 
 
by Ag NPs suggests that Ag NPs may be more toxic in an environment having a lower pH, 
such as the stomach with a pH about 1.2 and sweat glands with a pH of 3-5. Because of 
their antifungal and antibacterial activities, Ag NPs are currently found in commercial 
products such as wound dressings and cosmetics. We have examined the effects of Ag NPs 
on hydroxyl radical generation under conditions that represent topical exposure. We 
determined that Ag NPs increased the formation of hydroxyl radicals when added to a 
representative cosmetic formulation or when added to artificial perspiration (Figure 3-7). 
These results suggest that the safety of topical exposure to Ag NPs warrant further 
investigation. 
 
Figure 3-7 Generation of hydroxyl radicals in artificial perspiration and cosmetic emulsion induced by 
Ag NPs (0.1 mg/mL 75 nm citrate coated Ag NPs). Samples contained 50 mM DMPO, 0.5 mM H2O2, 





Figure 3-8 (Left) ESR spectra of hydroxyl radicals spin adducts generated in absence (a) and presence 
of Ag nanoparticles with different sizes of 10 nm (b), 30 nm (c), 50 nm (d), 75 nm (e) and 100 nm (f). 
(Right) ESR signal intensity vs Ag nanoparticles size. Sample solutions contained 10 mM HAc/NaAc 
buffer (pH 3.6), 0.1 mg/mL citrate coated Ag NPs of different sizes, 50 mM DMPO, and 0.5 mM H2O2. 





Figure 3-9 Evolution of UV-VIS spectra for 0.01 mg/ml citrate coated Ag NPs having different sizes: 
10 nm (A), 30 nm (B) and 75 nm (C) in the presence of 0.5 mM hydrogen peroxide at pH 3.6. (D) 
Corresponding relative absorbance variation (A0-At, where A0 is initial absorbance, At represents the 
absorbance at reaction time t) was dependent on Ag NPs size over time. The absorbance was measured 
at the SPR peak maximum wavelength. 
As described in reaction (5), the generation of hydroxyl radicals, proceeds concomitantly 
with dissolution of Ag NPs and release of Ag+. We examined the role that nanoparticle 
size, ranging from 10 nm to 100 nm, plays in generation of hydroxyl radicals (Figure 3-8). 
Hydroxyl radicals were generated in the presence of all of the Ag NPs and 0.5 mM H2O2. 
However, the expected increase in generation of hydroxyl radicals with decreasing particle 
size was not observed. Instead, addition of 75 nm Ag NPs resulted in the highest level of 
∙OH formation, followed by 30 nm Ag NPs. In contrast, we determined that the dissolution 
of Ag NPs, in the presence of H2O2 at pH 3.6 was more rapid for smaller particle sizes 
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(Figure 3-9). This difference in the size-dependent behavior for generation of hydroxyl 
radicals and dissolution of Ag NPs indicates that, in addition to the described Fenton-like 
reaction, other redox reactions are occurring which involve H2O2 and lead to dissolution of 
Ag NPs. Other redox reactions that may contribute to dissolution of Ag NPs include: 
H2O2 + 2Ag + 2H+ → 2H2O + 2Ag+ (in acidic medium) (6) 
½ O2 + 2Ag + 2H+ → 2Ag+ + H2O (7) 
H2O2 + 2Ag → 2Ag+ + 2OH- (in basic medium) (8)  
 
In these reactions, oxidation and dissolution of Ag NPs occurs, however hydroxyl radicals 
are not generated. When Ag NPs are in an environmental or biological system, ligands such 
as Cl-, PO43-,S2-, SH and NH3 can form complexes or precipitates with Ag+, with the 
potential to further enhance the dissolution of Ag NPs (258). Further studies are needed to 
understand the effects of a complex chemical environment on the formation of hydroxyl 
radicals by Ag NPs participating in environmentally and biologically relevant redox 
reactions. We are currently investigating whether chemical components of cells and tissues 
may broaden the pH range, over which hydroxyl radicals are formed during Ag NP-assisted 
decomposition of H2O2. 
3.3.4 pH dependence for generation of O2 during the Ag NP-assisted 
decomposition of H2O2 
In addition to its oxidizing property, hydrogen peroxide can act as a reducing agent, 
especially in an alkaline environment. For example, H2O2 has been often used as a 
reductant for synthesis of nanoparticles (259). Therefore, the unique pH dependent 
oxidation reduction potential of H2O2 will cause different interactions with Ag NPs that 
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can be altered by adjusting the environment’s pH (248, 249). As discussed above, Ag NPs 
did not induce the generation of hydroxyl radicals in alkaline medium. However, consistent 
with the reducing activity of H2O2 in alkaline medium, we observed generation of O2. As 
shown in Figure 3-10A, evolution of O2 was observed in neither the control sample without 
Ag NPs nor the sample without H2O2. However, clearly visible evolution of O2 was noted 
from solutions containing H2O2 and 10 nm Ag NPs at pH 11.0. This result visually 
demonstrates the ability of Ag NPs in facilitating the decomposition of H2O2 under alkaline 
conditions. 
We further investigated the effect of pH on the production of O2 by using ESR oximetry in 
conjunction with spin label CTPO. ESR spectra of the spin label CTPO exhibit three lines 
due to the hyperfine interaction of the unpaired electron with the nitrogen nucleus. Each 
line is further split into another group of lines because of proton super hyperfine 
interactions. The resolution of the super hyperfine structure of the low-field line of the ESR 
spectrum of CTPO strongly depends on the O2 concentration of the sample solution. 
Increasing oxygen concentrations result in the progressive diminution of the super 
hyperfine structure. In the current study, the first line of hyperfine structure of the CTPO 
line at 3500 Gauss was recorded. Oxygen production was calculated from a calibration 
curve relating the K parameter to oxygen concentration (213). 
Production of O2 induced by Ag NPs shows a strong dependence on pH. As seen in the left 
column of Figure 3-10B, when the pH was varied from 1.2 to 5.5, no appreciable change 
in the ESR spectrum was observed compared with control sample containing no Ag NPs. 
In contrast, the super hyperfine splitting clearly diminished for samples having a pH 
ranging from 5.5 to 11. It is noteworthy that in this pH range a time dependent flattening 
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of the intensity of CTPO’s super hyperfine structure was observed (data not shown). This 
indicates prolonged generation of O2 during Ag NP-assisted decomposition of H2O2 under 
alkaline conditions. A dramatic change was noted at pH 11 where the intensity of CTPO’s 
super hyperfine splitting was negligible 1 min after sample mixing, indicating rapid 
formation of O2. The quantitative results of the oxygen production are shown in Figure 3-






Figure 3-10 Generation of O2 induced by Ag NPs in different circumstances. (A) Photographs of sample 
solutions containing 0.1 mM CTPO, and (a) 10 mM buffer (pH 11.0) and 10 mM H2O2, and 0.2 mg/mL 
citrate coated 10 nm Ag NPs. (B) ESR spectra of 0.1 mM CTPO in 10 mM buffers of different pHs in 
presence of 25 mM H2O2 and 0.2 mg/mL 75 nm citrate coated Ag NPs. (C) pH dependence of oxygen 
generation obtained from data depicted in (B). Sample solutions were purged with nitrogen for 15 min 
prior to mixing. 
ESR oximetry was also employed to determine the correlation between O2 production and 
the particle size of Ag NPs. At pH 11, all of the Ag NPs with diameter from 10 nm to 100 
nm induced oxygen production during decomposition of H2O2 (Figure 3-11). The Ag NPs 
having diameters of 10 nm and 20 nm showed greater activity in generating O2 as 
49 
 
evidenced by the disappearance of super hyperfine splitting and significant flattening of 
hyperfine splitting in the ESR spectrum of CTPO. As larger Ag NPs were used, O2 
production diminished. We have examined the effect of particle size on O2 production at 
pH 11.0 and 7.4 (Figure 3-11). Similar correlations between size and O2 production were 
observed at each pH except for the 10 nm Ag NPs which needs further investigation. 
 
Figure 3-11 Generation of O2 induced by Ag NPs having different sizes. (A) ESR spectra of CTPO in 
presence of H2O2 and Ag NPs having different sizes at pH 11.0. (B) Dependence of oxygen generation 
on Ag NPs size at pH 11.0 and 7.4. Conditions: 0.1 mg/mL CTPO + 5 mM H2O2+10 mM pH 11.0 (or 
7.4) buffer + 0.025 mg/mL citrate coated Ag NPs at pH 11.0 (0.05 mg/mL citrate coated Ag NPs at pH 
7.4). ESR spectra were recorded at 0.5 min and all sample solutions were purged with nitrogen for 15 
min prior to mixing. 
3.3.5 Reaction mechanism for the O2 production 
We examined the mechanism for O2 generation to determine if net oxidation of Ag NPs 
occurred during decomposition of H2O2 or if Ag NPs had a catalase-like activity. First, we 
measured the oxidation kinetics of Ag NPs in buffers at different pHs. Ag NPs have a 
unique SPR absorbance band with a peak around 400 nm. The absorbance intensity of the 
SPR yields information about the particle concentration and the peak position of the SPR 
is representative of the particle size and shape (260). Accordingly, the oxidative dissolution 
of Ag NPs will be accompanied by a decrease in the intensity and wavelength shift of SPR, 
50 
 
which can be monitored by using UV-vis spectroscopy. Figure 3-12 shows the pH 
dependence for oxidative dissolution of Ag NPs. Dissolution of Ag NPs proceeded faster 
at higher pH in agreement with a previous study (238). H2O2 has a slightly lower standard 
reduction potential (0.88 V) in basic solutions. The increased oxidation rate with increasing 
pH might be due to the formation of an Ag+ complex with OH- at higher pH thus lowering 
the reduction potential of Ag+/Ag (261). It is interesting that the similar pH dependence 
was noted for the dissolution rate of Ag NPs and generation of O2 (Figure 3-10B). This 
similar pH dependence is consistent with a mechanistic link between oxygen production 
and dissolution of Ag NPs with release of Ag+. 
O2 + H2O+2e- → HO2- + OH- (φ = -0.076 V)  
Serving as a strong reducing agent in alkaline environment, H2O2 may reduce Ag+ to Ag 
and produce O2 in an overall reaction as following: 
2Ag+ + HO2- + OH- →2Ag + O2 + H2O 
This reaction is preferred as the net standard redox potential is 0.8756 V (261). We have 
observed that Ag+ can be reduced with concomitant generation of O2 at pH 11.0 (data not 
shown). Therefore at higher pH, Ag NPs may participate in a cyclic reaction between 
elemental silver (i.e., Ag NPs) and Ag+. This cyclic reaction was  indirectly  verified  by   
an   interesting observation that  the sample  solutions  at   pH   11.0   containing  10   or   
20   nm   Ag  NPs remained the distinctive color of Ag NPs but  the ones in lower pH buffer 
diminished to  colorless during formation of  oxygen.  This observation may be attributed 
to the poor reducing ability of H2O2 in acidic solution resulting in very limited reduction 
of Ag+ to Ag.  
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To further confirm the existence of a cyclic reaction, the spectra of sample solutions 
containing 10 nm Ag NPs were monitored using a UV-VIS spectrophotometer (Figure 3-
13A and B). For samples at pH 4.6,  the SPR intensity for  10  nm  Ag NPs  gradually 
decreased and the absorbance  peak  position  showed  little  time  dependence. In contrast, 
the SPR intensity of samples at pH 11.0 exhibited an initial reduction followed by an 
increase. These changes in SPR intensity were accompanied by a shift to longer wavelength 
for the SPR peak position (Figure 3-13B right inset). These results are consistent with 
concurrent oxidation of Ag NPs and reduction of Ag+ by H2O2 at pH 11.0.  The re-formed 
silver NPs may be different from original nanoparticles with respect to shape and size. In 
contrast, the oxidative dissolution of Ag NPs dominated at lower pHs due to the poor 
reducing ability of H2O2. This dynamic cyclic reaction may be expected to proceed until 
H2O2 is consumed. This expectation is confirmed by the declining intensity of the H2O2 
spectrum (inset in Figure 3-13B left inset). Moreover, TEM was employed to examine the 
morphology of Ag NPs before and after reaction with hydrogen peroxide at different pHs. 
Compared with original 10 nm spherical and uniform Ag NPs (Figure 3-13C), larger and 
more irregular shaped nanoparticles were formed at pH 11.0 (Figure 3-13D). This 
observation is additionally consistent with re-formation Ag NPs at this pH. At pH 4.6, Ag 
NPs were oxidized and barely observed under TEM, ostensibly due to the low rate of Ag+ 
reduction by H2O2 at this pH. Therefore, 10 nm   Ag NPs at pH 11.0 can be viewed to have 
an activity similar to catalase, which catalyzes the H2O2 decomposition to O2, because Ag 
NPs persist during generation of O2. Our results demonstrate how the activity of Ag NPs 
is strongly controlled by the chemical environment. Two factors contributed to the 
interesting phenomena we observed: 1) the pH dependent redox behavior of H2O2 and 2) 
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behavior of Ag NPs in different chemical environments.  Hydrogen peroxide is a weak acid 
(pKa 11.6).   Therefore, its physical and chemical properties, including ionization, 
dissociation and standard reduction potential, can be changed by adjusting pH.  As a result, 
pH changes the oxidizing/reducing activity of H2O2and its reaction pathway (248).  The 
effects of Ag NPs on pH dependent generation of hydroxyl radical and O2 may be viewed 
as an expression of their general ability to facilitate electron transfer. As we have observed, 
the nature of the facilitated reactions is defined by factors such as pH. At low pH, hydroxyl 
radicals are formed during Ag NP-assisted decomposition of H2O2 accompanied by the 
dissolution of Ag NPs. At high pH, O2 is formed via a cyclic process wherein Ag NPs 
increase in size, indicating of dissolution of smaller Ag NPs and formation of larger Ag 
NPs. These observations are illustrated in Scheme 3-1. Without Ag NPs, hydrogen 
peroxide alone can neither generate hydroxyl radicals at lower pH nor rapidly generate 
oxygen at higher pH. Here Ag NPs trigger and amplify the effects of pH on the redox 
activity of H2O2. In the presence of Ag NPs, one can switch between the generation 




Figure 3-12 pH dependence for the oxidative dissolution of Ag NPs. Inset represents absorbance at 443 
nm as a function of time after addition of Ag NPs at different pH (4.6, 5.5, 6.5, 7.4, and 11.0). Reaction 
conditions: 2.5 mM H2O2, 0.01 mg/mL 75 nm citrate coated Ag NPs, and 10 mM buffer at room 
temperature. Oxidation rate means the initial reaction rate calculated by measuring the absorbance 




Figure 3-13 Evolution of UV-VIS spectra for 0.01 mg/ml 10 nm citrate coated Ag NPs in the presence 
of 5 mM hydrogen peroxide in pH (A) 4.6 and (B) 11.0. The right hand inset shows the corresponding 
SPR peak position and the SPR absorbance variation as a function of time. The left hand inset in (B) 
represents the spectrum of H2O2 at different times after mixing. TEM images of 10 nm Ag NPs before 
(C) and after (D) Reaction with H2O2 (pH 11.0). Conditions for TEM:  10 mM   H2O2, 10 mM   buffer, 
reaction time 30 min at room temperature. 
3.4 Conclusion 
In summary, by using ESR coupled with spin trapping and spin labeling, we have 
demonstrated that Ag NPs can induce ∙OH and O2 production in the presence of H2O2. This 
work identified ∙OH as the ROS induced by Ag NPs. Generation of hydroxyl radicals and 
oxygen were strongly dependent on pH. The generation of hydroxyl radicals and oxygen 
was based on a Fenton-like reaction in an acidic environment and redox reaction in an 
alkaline environment, respectively. Our results indicate that alteration of the balance 
between hydroxyl radicals, oxygen and hydrogen peroxide should be considered when 




Scheme 3-1 Schematic presentation of Ag NPs triggering the generation of hydroxyl radicals and 
oxygen controlled by pH. 
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Chapter 4: Effect of silver nanomaterials on activity of thiol-containing 
antioxidants 
4.1 Introduction 
Reactive oxygen species (ROS) including hydrogen peroxide (H2O2), superoxide radical 
(O2∙-), and hydroxyl radical (∙OH) can damage a variety of cellular targets. Oxidative 
damage caused by ROS has been implicated in a number of acute and chronic diseases. 
Antioxidants, such as ascorbic acid and glutathione, are important physiological defenses 
against oxidative damage. Glutathione, including reduced (GSH) and oxidized (GSSG), is 
synthesized in all mammalian cells. Glutathione has diverse physiological functions 
including detoxification, maintenance of essential thiol status, antioxidant activity, and 
regulation of growth and death (8). Dysregulation of GSH synthesis may cause aging (262) 
and many diseases (263), e.g. diabetes mellitus (264), cholestasis (265), endotoxemia 
(266), alcoholic liver disease (267), and cancer and drug-resistant tumors (268). Typically, 
ROS are reduced by cellular GSH, forming GSSG, which is in turn reduced back to GSH 
by GSH reductase. In this way, GSH can prevent oxidative damage elicited by ROS. A 
precursor of GSH, the amino acid cysteine is also believed to play an essential role in 
reversible redox reactions in cells to limit damage attributable to ROS (269, 270).  
Silver usage in medical applications can be traced back for centuries and current 
nanotechnology enables more widely and sophisticated applications of nanoscale silver. In 
many cases, silver nanomaterials are used in food, health care and consumer products as 
an antimicrobial agent (271). Because of the increasing use of Ag nanomaterials, there is a 
need to thoroughly understand their bioactivity and safety under conditions of use. A 
number of investigators have examined cytotoxicity and genotoxicity resulting from 
exposure to Ag nanomaterials (272). We have previously investigated the interaction 
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between Ag nanoparticles and biologically relevant agents and predicted the mechanisms 
of potential toxicity due to generation of ROS in Chapter 3. To fully understand the 
bioactivity and potential toxicity of Ag nanomaterials, one must consider their interactions 
with components of biological systems. Because it is well established that Ag 
nanomaterials participate in redox reactions, it is important to understand the effects of Ag 
nanomaterials on cellular components involved in redox homeostasis. Antioxidants with 
sulfhydryl functional groups are among those for consideration. These antioxidants include 
the endogenous antioxidants glutathione (GSH), cysteine (Cys), and dietary antioxidants 
dihydrolipoic acid (DHLA) and N-acetyl-L-cysteine (NAC).  
The results reported by Piao and coworkers suggest that Ag nanoparticles (NPs) can induce 
generation of ROS, reduce intracellular levels of GSH and sequentially lead to apoptosis 
of human liver cells (199). It has also been reported that in rat liver cells, exposure to Ag 
NPs resulted in decreased mitochondrial function accompanied by a reduction in 
intracellular GSH levels (273). Reduction in levels of GSH always accompanied the 
cytotoxicity resulting from exposure to Ag NPs. However, detailed knowledge about the 
interactions among ROS, GSH, and Ag NPs is lacking. Other thiol-containing antioxidants, 
NAC has been reported to protect both normal and tumor human cells from cytotoxicity 
induced by Ag NPs (274, 275). However, the underlying protective mechanism is still 
unclear.  
The strength of the chemical bond between thiol groups and Ag has suggested many 
commercial applications and has important physiological implications. Sellers et al. have 
examined reactions between thiols and Ag as a method for producing self-assembling 
monolayers (276).  In addition, the affinity of Ag for thiol groups may be exploited for 
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production of biosensors for detecting cysteine, homocysteine, and GSH (277, 278). Liu et 
al. have described the importance of interactions between Ag NPs and endogenous thiol-
containing compounds during chemical transformations of Ag NP in physiological systems 
(279). In their studies, dissolution of Ag NPs during digestion to yield Ag+ played an 
important role in formation of products between Ag and thiol-compounds.  
We have investigated the effects of Ag nanomaterials on the antioxidant activity of 
physiologically and commercially important thiol-containing antioxidants. Antioxidant 
activity was assessed as the ability to quench radicals. In the present study, we examined 
quenching of four radicals: DPPH, azo radical, hydroxyl radical, and superoxide radical. 
Using DPPH, we examined the effects of silver nanoparticles on the scavenging capability 
of both hydrophilic and lipophilic thiol-containing antioxidants. DPPH was also used to 
study the temperature dependence for the interaction between silver nanorods and thiol-
containing antioxidants. Finally, we examined the effects of silver nanorods on the ability 
of GSH and cysteine to quench the ROS, superoxide radical and hydroxyl radical.  
4.2 Materials and Methods 
4.2.1 Materials 
Silver nanoparticles (50 nm) with a spherical morphology and coated with 
polyvinylpyrrolidone (PVP) or citrate were purchased from nanoComposix, Inc. (San 
Diego, CA) and used as received. Au@Ag nanorods with cetrimonium bromide (CTAB) 
(Au nanorods: ~60 nm in length and ~15 nm in width; Ag shell: ~10 nm in thickness) were 
gifted from Dr. X.C.Wu at National Center for Nanoscience and Technology, China. The 
detailed preparation of Au@Ag nanorods was previously described (280). The spin trap α-
(4-pyridyl-1-oxide)-N-tert-butylnitrone (4-POBN), xanthine, ethanol, phosphate salts 
(Na2HPO4 and NaH2PO4), diethylenetriaminepentaacetic acid (DTPA), L-glutathione, 
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reduced (GSH), L-cysteine (FlukaTM) were all purchased from Sigma-Aldrich (St. Louis, 
MO). 2,2'-Azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride (AAPH) was purchased 
from Wako Chemicals (Richmond, VA). 1-Hydroxy-3-carboxy-2,2,5,5-
tetramethylpyrrolidine∙HCl (CP∙H) was obtained from Enzo® Life Sciences (Farmingdale, 
NY). Dihydrolipoic acid (DHLA) was purchased from EMD Millipore (Billerica, MA). 
Zinc oxide nanoparticles aqueous dispersion (20 wt%, 30-40 nm) was purchased from US 
Research Nanomaterials, Inc (Houston, TX). Before use, phosphate buffer was treated with 
Chelex® 100 molecular biology grade resin from Bio-Rad Laboratories (Hercules, CA) to 
remove trace metal ions. Milli-Q water (18 MU cm) was used for all solution preparations. 
4.2.2 Characterization 
UV-vis spectroscopy was used to characterize changes in nanomaterials during reaction 
with glutathione. UV-vis absorption spectra were obtained using a Varian Cary 300 
spectrophotometer. Silver nanoparticles coated with polyvinylpyrolidone (Ag(PVP)) or 
citrate (Ag(cit)) (0.01 mg/ml) were mixed with 1 mM GSH individually in water while 
Au@Ag nanorods with CTAB (0.1 nM) were mixed with 1 mM GSH in 0.1 mM CTAB to 
stabilized Ag nanorods. To monitor the progress of the reaction, absorption spectra were 
collected at 1 min intervals using the scanning kinetics mode of the spectrophotometer. 
Nanomaterials were additionally characterized using transmission electron microscopy 
(TEM) images, captured on a JEM 2100 FEG (JEOL) transmission electron microscope at 
an accelerating voltage of 200 kV located at the NanoCenter, University of Maryland, 
College Park, MD. To observe the morphological evolution of the nanoparticles before and 
after incubation with GSH, 0.1 mg/mL Ag NPs and 0.1 nM Au@Ag NRs were mixed with 
10 mM GSH for 10 min and twice centrifuged (12,000 rpm, 5 min). After the supernatants 
were decanted, 20 microliter water was added to redisperse the precipitates. The samples 
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for TEM analysis were prepared by adding drops of the redispersed colloidal solutions onto 
standard holey carbon-coated copper grids, which were then air dried at room temperature. 
4.2.3 DPPH radical scavenging activity 
The scavenging activity for DPPH, a stable radical, by antioxidants containing thiol groups 
was estimated as we previously described (281). Stock solutions of cysteine (Cys) and 
reduced glutathione (GSH) were prepared in water. Solution of dihydrolipoic acid (DHLA) 
was prepared in ethanol. The control solution contained 0.2 mM DPPH and 10% (20% for 
DHLA study) (v/v) ethanol in 0.1 mM pH 7.4 phosphate buffer. Ag nanomaterials or each 
of the three thiol containing antioxidants were added to DPPH control alone to evaluate 
their individual scavenging effect on DPPH radical. Then, Au@Ag NRs CTAB were pre-
incubated with Cys, GSH, or DHLA at 37 oC for 10 min prior to addition to DPPH radical 
control.  
To estimate the effect on GSH, three silver nanomaterials were used: were Ag(cit), 
Ag(PVP), and Au@Ag nanorods (NRs). The Ag NPs and Au@Ag NRs were 0.01 mg/ml 
and 0.1nM, respectively. GSH or each of the three silver nanomaterials was added to DPPH 
control alone to examine their individual reducing effect on DPPH radical. GSH was 
premixed with different Ag NPs at 37 oC for 10 min. ESR spectra were recorded 1 min 
after mixing DPPH radical with other reagents using the following instrument settings: 
microwave power 20 mW; field modulation 1.5 G; and scan range 100 G. The signal 
intensity of DPPH radical in sample solutions was normalized to that in DPPH control 
solution.   
4.2.4 Azo radical scavenging activity 
We examined the ability of GSH to scavenge azo radicals, in the absence and presence of 
Au@Ag NRs. Azo radicals were generated by the thermal decomposition of the 
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hydrophilic radical generator AAPH. Scavenging of azo radical was determined by ESR 
using 4-POBN as the spin trap in PBS (10 mM pH 7.4). Twenty µM GSH was pre-mixed 
with 0.1 nM Ag NRs at 23 or 37 oC for 10 min to study the temperature dependence for the 
reaction between GSH and Au@Ag NRs. Each sample was then mixed with 50 mM 4-
POBN and 10 mM AAPH. Thereafter, the mixture was incubated in water bath (37 oC) for 
10 min to generate azo radicals. ESR spectra were recorded 1 min after sample removal 
from water bath. The instrument settings: 20 mW microwave power; 1 G field modulation; 
and 100 G scan range, were used for present and following ESR experiment. 
4.2.5 Hydroxyl radical (∙OH) scavenging activity 
Hydroxyl radicals were produced by irradiating a zinc oxide nano dispersion with light 
emitted from a 500 watt Xe arc lamp directed through a WG320 filter. This filtered light 
source emits radiation having wavelengths greater than 350 nm (282). The yield of ∙OH 
was quantified using the spin trap 4-POBN in solution containing ethanol (20%, v/v) (253, 
283). The final control mixtures contained 0.02 mg/ml ZnO dispersion, 1mM 4-POBN, 
and 20% ethanol (v/v) in 10 mM pH 7.4 phosphate buffer. Au@Ag nanorods were 
preincubated with GSH or Cys at 37 oC for 10 min prior to photoirradiation of the ZnO 
control mixture. ESR spectra were recorded 4 min after the initiation of exposure to light.  
4.2.6 Superoxide radical (Oˉ2) scavenging activity 
Superoxide radical oxidizes CP-H, which is ESR silent, to a stable nitroxide radical CP∙ 
that is detectable by ESR spectroscopy (284). The xanthine-xanthine oxidase system 
(XAN-XOD) was used to generate the superoxide radical. The final control mixtures 
contained 1 mM xanthine, 0.1mM CP-H, 0.1 mM DTPA and 0.2 U/mL XOD in 10 mM 
pH 7.4 phosphate buffer. Au@Ag nanorods were preincubated with 10 mM GSH or Cys 
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at 37 oC for 10 min before addition to the control mixture without XOD. Radical generation 
was initiated by addition of XOD, and the ESR signal was recorded 4 min afterwards.  
4.3 Results and Discussion 
Silver nanomaterials have been widely used in cosmetics, dietary supplement, food 
packaging, medical devices and accessories, electronics clothing, textiles, and various 
household products (219-222). The goal of this study was to show the potential effect of 
Ag nanomaterials on the antioxidant activity of thiol-containing antioxidants. We have 
investigated antioxidant activity by studying biologically relevant hydroxyl and superoxide 
radicals, as well as the DPPH and azo radicals.  
4.3.1 Characterization of Au@Ag nanorods and Ag nanoparticles 
The UV-vis spectra of noble metal nanoparticles can be used to monitor their size and 
aggregation state. This property derives from the surface plasmon resonance (SPR) 
attributable to these nanoparticles. UV-vis extinction spectra of the silver nanoparticles are 
illustrated in Figure 4-1. Both Ag(cit) and Ag(PVP) (50 nm) show an absorption peaked at 
420 nm. The nanoparticles were well dispersed due to the protection of coatings that 
prevent aggregation. When incubated with GSH, the adsorption maximum of both Ag NPs 
gradually decreased in intensity and a second absorption maximum appeared at 
progressively higher wavelength. The initial reduction rate of peak at 420 nm of Ag(cit) 
and Ag(PVP) was 0.26 and 0.17 min-1, respectively. These spectral changes indicate that 
the silver nanoparticles are aggregating and may be attributable to the formation of a Ag-
S bond. However, the maximum adsorption of Ag(cit) diminished faster than that of 
Ag(PVP). This may because the neutral PVP coating is not as readily displaced from the 
surface of Ag NPs as the negatively charged citrate coating. The characteristic SPR peak 
of in-house prepared Au@Ag NRs with CTAB was unaffected during incubation for 5 min 
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in absent of GSH (data not shown, but consistent with previous report (280)), but the 
intensity slightly decreased in presence of GSH. The inconspicuous alteration of the SPR 
peaks of the nanorods may be a consequence of excessive CTAB, a good positively charged 
stabilizer.  
 
Figure 4-1 Evolution of UV-vis spectra of Ag nanomaterials incubated with GSH at 23 oC. The spectra 
were recorded every 1 min for 5 min. Sample solutions included 1 mM GSH and 0.01 mg/ml Ag NPs 
Citrate 50 nm (A), Ag NPs PVP 50 nm (B), or 0.1 nM Au@Ag NRs CTAB. Arrow indicates increasing 
time.     




























The morphology of Ag nanorods and nanoparticles is shown in TEM images (Figure 4-2). 
The Au@Ag nanorods, which contain a molar ratio of Ag/Au 0.83, have an orange 
core/shell structure with Au nanorods as a core (~60 in length and ~15 nm in width) and a 
thick and anisotropic Ag shell (~10 nm in thickness) (Figure 4-2A). The detailed method 
for their preparation was previously described (280). The morphology and size of Au@Ag 
nanorods remained the same after reacting with GSH (Figure 4-2A and A’).The thin film-
like compounds in the TEM image may be solvent residue. The size of Ag(cit) before and 
after treatment with GSH was 70.09 ± 6.19 and 64.42 ± 7.62 nm, respectively (Figure 4-
2B and B’). The slight shrinkage of silver nanoparticles indicates dissolution of Ag(cit) 
NPs. Since silver is vulnerable to oxidation in oxygenated media, silver ions (Ag+) are 
possibly accumulated on the surface of silver nanoparticles. It is noticeable that after 
reacting with GSH, products having a cross-linked structure appeared. These cross-linked 
structures may be silver sulfide complexes formed from superficial Ag+ and GSH. In 
contrast to changes observed with Ag(cit) NPs the size of Ag(PVP) NPs was 65.60 ± 8.85 
and 66.9 ± 6.16 nm, before and after mixing with GSH, respectively (Figure 4-2C and C’). 
The particle morphology remained the same as well. This observation is consistent with 
previous reports that the dissolution of Ag NPs coated with citrate is faster than that for Ag 




Figure 4-2 TEM image of Au@Ag nanorods (A) and Ag NPs coated with citrate (B) and PVP (C) before 
(A,B,C) and after (A’, B’, C’) incubation with GSH at 23 oC for 10 min. 
4.3.2 DPPH radical scavenging activity 
In many applications, in order to estimate the antioxidant capacity of food or their extracts, 
the stable nitrogen centered radical DPPH has been used (286). The assay has been 
generally accepted as a simple and sensitive method in antioxidant studies (287). DPPH 
radical is ESR detectable with a one-line spectrum, as shown in the inset to Figure 4-3. 
When the DPPH radical accepts one H-atom from antioxidants, it becomes ESR silent.  In 
Figure 4-3, the ESR signal intensity from each sample solution was normalized to that from 
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control solution and expressed as a percentage; thus the antioxidant ability is inversely 
proportional to the normalized signal intensity. Three thiol-containing antioxidants Cys, 
GSH, and DHLA all quenched DPPH radical to various extents (Figure 4-3 red). Also, we 
found that Au@Ag NRs can scavenge DPPH radical (Figure 4-3 blue). When pre-
incubated with Ag NRs, the scavenging ability of the three antioxidants was reduced 
(Figure 4-3 green).  
The reduced scavenging ability of the antioxidants may be caused by the replacement of 
functional –SH with -Ag-S, which is formed through partially electrostatic and partially 
covalent binding (288). It has been previously found that bio-thiols, e.g. homocysteine, 
cysteine, and glutathione, were absorbed to the surface of Ag NPs via conjugated Ag-S 
bond (289). Sulfide complexation of Ag NPs also occurred in formation to Ag2S or 
precipitate and the surface of Ag NPs (oxidized to Ag+) reacted with sulfide anions 
producing AgxSy (258).  
In the same range of concentration, the scavenging ability of DHLA was similar to that of 
GSH. However, after incubating with Au@Ag NRs, the scavenging ability of DHLA was 
less affected than the scavenging ability of GSH. This indicates a less efficient binding of 
Ag NRs to DHLA than GSH, which may be attributed to the more bulky structure of DHLA 




Figure 4-3 DPPH scavenging effect for different thiol-containing hydrophilic and lipophilic 
antioxidants influenced by 0.1 nM Au@Ag NRs CTAB. The inset shows ESR spectrum of DPPH 
radical.   
Both commercial Ag NPs and the Au@Ag NRs prepared in-house were used to examine 
their inhibitory effect on the DPPH radical scavenging activity of GSH, an important 
endogenous antioxidant containing thiol.  Direct quenching of the DPPH radical by Ag 
NPs was observed. Citrate coated Ag NPs quenched the DPPH radical to a greater extent 
than PVP coated Ag NPs (Figure 4-4 blue). Significant quenching of DPPH was seen in 
the presence of GSH (Figure 4-4 red). When GSH was pre-incubated with the Ag 
nanomaterials, the quenching activity of GSH toward DPPH was diminished to varying 
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degrees (Au@Ag NRs>Ag NPs coated with citrate> Ag NPs coated with PVP). The results 
suggest a greater affinity of GSH to citrate-coated Ag NPs than PVP-coated Ag NPs. The 
result is in agreement with the previous finding that GSH induced more rapid aggregation 
of Ag NPs with citrate (Figure 4-1). Among them, pre-incubation of GSH with the Au@Ag 
NRs had the most effect on GSH’s ability to quench DPPH. This indicates that the Ag 
layers in an orange slice-like shape partially deactivate GSH due to the formation of Ag-S 
bond.    
 
Figure 4-4 Effect of Ag nanomaterials on DPPH radical scavenging by 1 mM GSH. Ag nanomaterials 
including 0.01 mg/ml Ag NPs in Citrate or PVP and 0.1 nM Au@Ag NRs were pre-incubated with 




4.3.3 Azo radical scavenging activity 
AAPH is a hydrophilic radical generator widely used as an inducer of lipid peroxidation in 
many in vitro assays to determine antioxidant activity (290-292). AAPH undergoes thermal 
decomposition to generate azo radicals, which can be trapped by 4-POBN to form spin 
adduct 4-POBN/∙A (293). In the presence of 10 mM AAPH, AAPH derived radicals were 
detected in the form of 4-POBN/∙A with hyperfine splitting parameters of aN = 14.92 G, aH 
= 2.57 G, shown as 6 lines shape (Figure 4-5), which are similar to previous reports (293). 
With the addition of Au@Ag NRs, the intensity of the characteristic signal was slightly 
reduced, while 1 mM GSH nearly eliminated the signal for the spin adduct. The interaction 
between the Au@Ag NRs and GSH, and effects on scavenging azo radicals generated by 
AAPH was investigated at 23 oC and at a physiologically relevant temperature, 37 oC. As 
seen clearly in spectra 5 and 6 of Figure 4-5, premixing of Au@Ag NRs at both 
temperatures reduced scavenging of azo radicals by GSH. This reduction in GSH’s 
scavenging activity was more pronounced at the higher temperature. This is indicating that 
GSH was more vulnerable to adsorb on Ag NRs and thus to form Ag-S bond at elevated 
temperature.  Therefore, less GSH was available in electron donating from its thiol group 




Figure 4-5 AAPH radical scavenging effect of 1 mM GSH impacted by 0.1 nM Au@Ag NRs. Control 
sample contained 10 mM AAPH and 50 mM 4-POBN in 10 mM pH 7.4 phosphate buffer. 
4.3.4 Hydroxyl radical scavenging activity 
As the most reactive ROS, hydroxyl radicals (∙OH) are an excellent indicator to estimate 
antioxidant property of a target compound. Because of the reactivity of hydroxyl radicals, 
we utilized a double spin trapping system, in which the radical product from ∙OH and a 
∙OH scavenger, usually an organic solvent such as ethanol, is trapped by a nitrone-based 
spin trap (253). In the current study, hydroxyl radicals were generated by irradiating an 
aqueous suspension of ZnO. The hydroxyl radicals then reacted with ethanol followed by 
the formation of spin adduct 4-POBN/∙CH(OH)CH3. This spin adduct has a characteristic 
a six-line ESR spectrum with splitting parameters of aN = 15.58 and aH = 2.60. The 
introduction of Au@Ag NRs alone slightly changed the shape and amplitude of the ESR 
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signal expected for 4-POBN/∙CH(OH)CH3 spin adduct (Figure 4-6 spectra 1 and 2).  
Antioxidants cysteine and GSH had comparable power in reducing the signal of hydroxyl 
radical (Figure 4-6 spectra 3 and 5). Thiol-containing antioxidants quench the hydroxyl 
radical by donation of one electron or H-atom from sulfhydryl group to the hydroxyl radical 
with concomitant formation of a relatively unreactive thiyl radical, which cannot be trapped 
by 4-POBN. After premixing at a biologically relevant temperature, Au@Ag NRs 
influenced the ability of both GSH and cysteine to react with hydroxyl radicals to different 
degrees.  The scavenging capability of cysteine was almost completely diminished (Figure 
4-6 spectrum 6), while a substantial amount of scavenging remained for GSH (Figure 4-6 
spectrum 4). This may be caused by structure of GSH, which may have placed steric 






Figure 4-6 Hydroxyl radical scavenging effect of 10 mM Cys and GSH affected by 1 nM Au@Ag NRs. 
Control sample consisted of 0.02 mg/ml ZnO dispersion, 1mM 4-POBN, and 20% ethanol in 10mM 
pH 7.4 phosphate buffer. 
 
4.3.5 Superoxide radical scavenging activity 
Superoxide radical (O2∙-) is another physiologically important ROS which is continuously 
generated in cells. The endogenous antioxidant enzyme superoxide dismutase (SOD) is a 
critical part of the cellular defense against superoxide radical. As with other radicals, 
superoxide radicals can be trapped by ESR-silent spin probe such as DMPO and BMPO to 
form a stable nitroxide radical DMPO/∙OOH and BMPO/∙OOH, respectively. In addition, 
superoxide radicals can oxidize CP-H to CP∙, which may be identified and quantified by 
ESR. However, the reaction rate of superoxide radical with CP-H is significantly higher 















trapping the superoxide radicals, avoiding artifacts due to the introduction of spin probes. 
Xanthine/Xanthine oxidase system was employed to generate superoxide radicals, which 
in turn abstract an H-atom from CP-H to form CP∙. The ESR spectrum of CP∙ consists of a 
three-line spectrum with hyperfine splitting constant aN = 16.2 G (Figure 4-7).   Au@Ag 
NRs had negligible effect on the production of superoxide radicals (Figure 4-7, spectra 2 
and 3), but both cysteine and GSH showed strong quenching activity on the radicals (Figure 
4-7, spectra 4 and 6). It has been previously described by Dikalov that nitroxyl radicals, 
CP∙, can be reduced to CP-H by antioxidants GSH, cysteine, and ascorbate (284). Pre-
incubation of cysteine and GSH with Ag NRs resulted in a partially decreased scavenging 




Figure 4-7 Superoxide radical scavenging effect of 10 mM cysteine and GSH influenced by 1 nM 
Au@Ag NRs. The control solution contained 1mM xanthine, 0.1mM DTPA, 0.1mM CPH, and 0.2 U/ml 
XOD in 10mM pH 7.4 phosphate buffer. 
4.4 Conclusion 
Using DPPH radical generation system, all three Ag nanomaterials, Ag(cit), Ag(PVP), 
Au@Ag nanorods, reduced the quenching of DPPH radical by GSH to varying degrees 
(Ag(cit), Au@Ag nanorods>Ag(PVP)). We also observed that Au@Ag nanorods reduced 
the quenching of DPPH by any of the three antioxidants: GSH, cysteine, and dihydrolipoic 
acid.  This may be attributed to the formation of Ag-S, which diminished the reducing 
ability of sulfhydryl group. In addition, we examined the temperature dependence for 
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scavenging the azo radical was greater at physiological temperature than at room 
temperature. This would be expected as a result of an accelerated reaction between the 
sulfhydryl group and Ag NPs at higher temperature. Moreover, Au@Ag nanorods 
significantly reduced the ability of hydrophilic endogenous antioxidants, GSH and 
cysteine, to quench hydroxyl and superoxide radicals.  
Many previous studies indicate that the toxicity induced by Ag NPs involves oxidative 
stress or ROS (199, 273). Our study directly investigates the effect of Ag nanomaterials on 
individual free radicals and their potential role in weakening the capability of biologically 
important and dietary antioxidants. This suggests that Ag nanomaterials may cause 
oxidative stress by jeopardizing either endogenous or dietary antioxidant defense. The 
work presented here demonstrates the importance of examining the chemical interactions 
between nanomaterials used in products and physiologically important antioxidants.  
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Chapter 5: Enzyme-like activity of Au@Pt nanorods and their combined 
effect with ascorbic acid 
Partially adapted from Zhou, Y. T.; He, W.; Wamer, W. G.; Hu, X.; Wu, X.; Lo, Y. M.; 
Yin, J. J., Enzyme-mimetic effects of gold@platinum nanorods on the antioxidant activity 
of ascorbic acid.  
5.1 Introduction 
Because of their substrate specificity and efficient catalytic ability, enzymes have been 
commercially used in various areas such as sewage treatment, textile finishing, household 
products preparation, food and beverage processing (295), and energy conversion (296). 
However, since most enzymes are sensitive to environmental conditions and are difficult 
to prepare in large scale, considerable efforts have been attempted to immobilize enzymes 
for more convenient preparation, and easier separation of the enzyme from the product, 
thus facilitating reuse of the enzyme (297).  In recent years, finding enzyme alternatives 
has become possible through advances in nanotechnology.   
The unique physical and chemical properties of nanoparticles (NPs) have led to their use 
in a wide range of applications. Amongst these applications, nanoparticles have been found 
to be candidates as enzyme mimetics with the advantages of low cost, controlled synthesis, 
tunable catalytic activities, and a high stability even under severe reaction conditions. 
Currently, peroxidase and oxidase activities have been observed for a number of 
nanoparticles including ferromagnetic NPs (298), FeS (299), CuS (300), graphene oxide 
(301), Co3O4 (302), single-walled carbon nanotubes (303), gold nanoparticles and clusters 
(304-307), cerium oxide(308) and platinum nanoparticles (182, 309). These nanoparticles 




The behavior of nanoparticles as oxidase mimics is of particular interest.  In the presence 
of oxygen, oxidases can oxidatively degrade reducing agents and thus prevent these potent 
antioxidants from intercepting reactive oxygen species (ROS) (217). Examples of 
biologically important antioxidants are ascorbic acid, uric acid, and polyphenol, which may 
be oxidatively degraded by ascorbic acid oxidase, uricase, and polyphenol oxidase, 
respectively. For example, polyphenol oxidase is the main contributor to fruit or vegetable 
browning and causes degradation of polyphenols. Therefore, along with the application of 
nanoparticles as enzyme mimetics, the use of NPs could result in deleterious interactions 
with antioxidants.  
The platinum family of NPs has been explored as multi-enzyme mimetics for potential 
usage in various fields. For example, Pt NPs have been reported to catalyze the 
peroxidation of 3,3',5,5"-tetramethylbenzidine (183) and o-phenylenediamine (182, 260, 
310) in presence of H2O2. In conjunction with glucose oxidase and cholesterol oxidase, Pt 
NPs have been used as replacements for horseradish peroxidase in biosensors for glucose 
and cholesterol (182). Studies have found that bimetallic and biostabilized Pt NPs can 
scavenge the superoxide radical (O2-.) like superoxide dismutase and reduce H2O2 to 
oxygen like catalase (188-190). In addition to their peroxidase-like activity, Pt NPs have 
been found to resemble uricase in catalyzing oxidation of uric acid (309).      
Several investigators have examined the biochemical properties of Pt NPs. Rehman et al. 
have observed reduced inflammatory responses in macrophages treated with Pt NPs (201). 
Kim et al. reported that treatment with Pt NPs extended the lifespan of C. elegans (311). 
Hamasaki et al. found that Pt NPs lacked cytotoxicity. These investigators also determined 
that Pt NPs scavenged intracellular ROS such as superoxide radical and hydrogen peroxide, 
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and protected cells from toxicity elicited by these ROS (312).   Additionally, Pt NPs have 
been found to inhibit fatty acid peroxidation and scavenge DPPH radicals, indicating ability 
to efficiently intercept free radicals (313). These studies demonstrated that Pt NPs are 
excellent antioxidants. While these studies demonstrate that Pt NPs are excellent 
antioxidants, they did not provide direct evidence that Pt NPs scavenged the most 
physiologically important radical, hydroxyl radicals. Also, as with many antioxidants, Pt 
NPs may also exhibit pro-oxidant activity under some conditions. To date, little is known 
about the interactions between Pt NPs and biologically important antioxidants. 
Ascorbic acid (AA), a phytonutrient abundant in fruits and vegetables, is known to protect 
the human body against chronic diseases due to its antioxidant properties and has been 
widely used in foods, dietary supplements, and cosmetic products. However, AA is easily 
degraded through oxidation, especially in the presence of ascorbic acid oxidase (AAO), 
which exists endogenously in the extracellular matrix of plant cells. AAO mimetics may 
also reduce the antioxidant activity of AA. Therefore, it is important to identify any AAO-
mimetic activity of Pt NPs and understand the interaction between Pt NPs and AA under 
conditions expected in commercial products.  
 




In the current study, Au@Pt nanorods have been found to act as AAO mimetics in 
catalyzing oxidation of AA to ascorbyl radicals in presence of O2, which can be detected 
by Electron Spin Resonance (ESR). ESR spectroscopy with spin trapping is the most 
reliable and direct method for identification and quantification of short-lived free radicals. 
Radicals such as ascorbyl radicals can be directly detected via ESR. However, more 
reactive radicals, such as hydroxyl radicals and superoxide anions, require the use of spin 
traps for ESR detection (217, 244, 246).  In addition, ESR was used to compare the thermal 
and pH stability of Au@Pt nanorods and AAO.  The reaction kinetics of AAO and Au@Pt 
nanoparticles was determined by UV-vis spectroscopy. Using the ESR spin trapping 
technique, we examined the role of Au@Pt nanorods in scavenging hydroxyl radicals, 
generated through the Fenton reaction and through excitation of metal oxides with UV 
radiation. Using three radical generation systems, we compared the antioxidant activity of 
AA alone and its combined effect with Au@Pt nanorods. 
5.2 Experimental 
5.2.1 Materials 
Sodium borohydride (NaBH4), gold(III) chloride hydrate (HAuCl4∙3H2O), 
cetyltrimethylammonium bromide (CTAB), potassium tetrachloroplatinate (II) (K2PtCl4), 
poly(styrenesulfate) (PSS) were all purchased from Alfa Aesar (Ward Hill, MA) and used 
as received. The spin traps, 5, 5-dimethyl-1pyrroline N-oxide (DMPO) and 5-
(diethoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide (DEPMPO) were purchased from 
Radical Vision (Marseille, France). The spin trap 5-tert-butoxycarbonyl-5-methyl-1-
pyrroline-N-oxide (BMPO) (Alexis® Biochemicals) was obtained from Enzo Life Science, 
Inc (Farmingdale, NY). Aeroxide® TiO2 P25 was a gift from EVONIK Industries AG 
(Frankfurt, Germany). The spin label 3-carbamoyl-2,5-dihydro-2,2,5,5-tetramethyl-1H-
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pyrrol-1-yloxyl (CTPO), ascorbate oxidase, 1,1-diphenyl-2-picryl-hydrazyl radical 
(DPPH•), L- ascorbic acid (AA), ammonium iron(II) sulfate heptahydrate, ZnO, 30% H2O2 
aqueous solution, standard buffer solutions were all purchased from Sigma Aldrich (St. 
Louis, MO). Platinum nanoparticles dispersion (3 nm, spherical Pt NPs with no coating) 
was purchased from US Research Nanomaterials, Inc. (Houston, TX). Each buffer stock 
solution (pH 1.2 HCl-KCl, pH 4.6 HAc-NaAc, pH 7.4 PBS, pH 9.0 borax and pH 11.0 
borax) was 0.1 M. Before use, each buffer was treated with Chelex® 100 molecular biology 
grade resin from Bio-Rad Laboratories (Hercules, CA) to remove trace metal ions. Milli-
Q water (18 MΩ cm) was used for preparation of all solutions. 
5.2.2 Synthesis of Au@Pt nanorods coated with PSS 
The entire preparation procedure has been described in a previous study (314). Firstly, gold 
nanorods were prepared via seed-mediated growth. CTAB-capped Au seeds were 
synthesized through chemical reduction of HAuCl4 by NaBH4. After 30 min,  growth 
solution for Au nanorods, consisting of 0.1 M CTAB, 0.024 M HAuCl4, 0.5 M H2SO4, 10 
mM AgNO3 and 0.1 M AA, was added to Au seeds to initiate the growth of Au nanorods. 
After 12 h, the Au nanorods were purified by centrifugation (12,000 rpm, 5 min) and the 
precipitates were collected and resuspended in deionized water for further use. Secondly, 
the Au nanorods suspension was mixed with a 2 mM K2PtCl4 solution. Then, 0.1 M AA 
was added to the mixture which was shaken vigorously, and then placed in a 30 oC water 
bath. Formation of Au@Pt nanorods was evidenced by a color change from pink-red to 
dark grey. Additional 0.1 M CTAB was further added to stop the reaction and prevent 
aggregation of the nanorods. The suspension was centrifuged (10,000 rpm, 5 min) once 
more and the precipitate was redispersed in deionized water. Lastly, the Au@Pt nanorods 
solution was mixed with PSS solution, containing 20 mg/ml PSS and 60 mM NaCl, and 
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placed at 30 oC for at least 3 hr. Subsequently, the reaction mixture was centrifuged (10,000 
rpm, 5 min) again to remove excess PSS. The precipitate was redispersed in deionized 
water for future use. The concentration of Au@Pt nanorods stock solution was 5 nM, which 
was used to study their enzyme mimetics activity, and the atomic concentration of the Pt 
nanodots was 1 mM, which was used to study their effect on free radicals. Unless otherwise 
stated, this nanorod concentration has been used in current study.  
5.2.3 Characterization of Au@Pt nanorods 
Scanning electron microscopy (SEM) images were taken on a field emission scanning 
electron microscope (FESEM, Hitachi S-4800). High-resolution transmission electron 
microscopy (HRTEM) images and selected-area electron diffraction patterns were 
captured at an accelerating voltage of 200 kV from the same microscope. 
5.2.4 Kinetic parameters using UV-Vis spectroscopy 
UV-vis absorption spectra were obtained using a Varian Cary 300 spectrophotometer. The 
oxidation of AA catalyzed by AAO or Au@Pt nanorods in buffers at different pHs was 
performed at 20 oC as follows: AA was mixed with different pH buffers and made up with 
H2O to a final concentration of 5 mM or 10 mM. Then, sufficient AAO or Au@Pt nanorods 
were added to give a final concentration of 0.09 nM or 0.05 nM, respectively. The reaction 
kinetics for the catalytic oxidation of AA was studied by recording the absorption spectra 
at 1 min intervals in the scanning kinetics mode. The disappearance of AA was monitored 
by measurement of its absorbance at the λmax appropriate for each pH. The kinetic 
parameters were calculated based on the Michaelis-Menten equation v = Vmax × [S]/(Km + 
[S]), where v is the initial velocity, Vmax is the maximal reaction velocity, [S] is the 
concentration of substrate and Km is the Michaelis constant.  
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5.2.5 ESR measurements   
Samples were put in 50 μL glass capillary tubes and placed in the ESR cavity. All ESR 
measurements were carried out using a Bruker EMX ESR spectrometer (Billerica, MA) at 
ambient temperature. 
5.2.5.1 Oxidation of AA catalyzed by Au@Pt nanorods 
Ascorbyl radical is an intermediate formed during the oxidation of ascorbic acid by oxygen. 
ESR can directly detect this radical which has a 10 min half-life (315). Au@Pt nanorods 
at different concentrations were added to 5 mM AA in 50 mM PBS buffer (pH 7.4) to start 
the reaction. The peak to peak value of the first line of the ascorbyl radical ESR spectrum 
was recorded to indicate the amount of ascorbyl radical formed. Spectra were recorded 
under the following conditions: 20 mW microwave power; 1 G field modulation; 25 G scan 
width. 
5.2.5.2 Thermal stability of Au@Pt nanorods 
In order to compare the catalytic activity of AAO and Au@Pt nanorods with respect to 
temperature, they were pre-incubated at three temperatures 23, 40, and 70 oC for 3 and 6 
hrs in a water bath. Other steps were the same as described in the previous paragraph. 
5.2.5.3 pH dependent enzyme-like activity of Au@Pt nanorods using ESR oximetry 
The catalytic activity of AAO and Au@Pt nanorods at different pHs was evaluated through 
oxygen consumption monitoring. ESR spin label oximetry was employed to measure 
oxygen change during the reaction. Solutions containing 0.1 mM of the water-soluble spin 
label CTPO and 1 mM AA in 50 mM buffers with various pHs were studied. AAO or 
Au@Pt nanorods were added to initiate the catalytic oxidation of ascorbic acid. The 
capillary tube was then sealed and positioned in the ESR instrument. ESR spectra were 
then recorded at 0.5, 1.5, 3, 5, 8, and 10 min at the low field line of CTPO (at 23 oC).  
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Signals were obtained with a 1 G scanning width, 1mW incident microwave power, and 
with 100 kHz field modulation.  
5.2.5.4 Scavenging effect of Au@Pt nanorods on hydroxyl radical 
5.2.5.4.1 Effects of Au@Pt nanorods on hydroxyl radicals generated by the Fenton 
reaction 
Solutions containing FeSO4, H2O2, and the spin trap DEPMPO in PBS buffer were used to 
study scavenging of hydroxyl radicals generated through the classical Fenton reaction. 
Hydroxyl radicals (•OH) were trapped by DEPMPO as the spin adduct DEPMPO/•OH. To 
assess whether Au@Pt nanorods scavenged hydroxyl radicals or interacted with the Fenton 
reagents, the nanorods were first mixed with either iron or hydrogen peroxide for different 
time periods. Also, ascorbic acid was used to compare the hydroxyl radical scavenging 
activities of ascorbic acid and Au@Pt nanorods.  
In order to investigate the effect of Au@Pt nanorods on the antioxidant property of ascorbic 
acid, the same Fenton reaction system was employed except that spin trap DMPO was used 
instead of DEPMPO to detect hydroxyl radicals as the spin adduct DMPO/•OH. Ascorbic 
acid, Au@Pt nanorods, or their mixture were premixed at room temperature for 48 hrs. 
Then, they were individually introduced into a freshly prepared Fenton reaction system. 
Generation of hydroxyl radicals was initiated by adding H2O2.  
Spectra were recorded under using the following conditions: 20 mW microwave power; 1 
G field modulation; 100 G scan width. 
5.2.5.4.2 Effects of Au@Pt nanorods on hydroxyl radicals generated by TiO2 and 
ZnO/UV 
Metal oxides TiO2 (P25) and ZnO were irradiated at 320 and 340 nm, respectively, to 
generate hydroxyl radicals, which were trapped by the spin trap DMPO in the form of the 
84 
 
spin adduct DMPO/•OH. Using this method for generation of hydroxyl radicals, we 
examined quenching of hydroxyl radicals by AA, Au@Pt nanorods, or a combination of 
AA and Au@Pt nanorods.  Spectra were recorded 1 min after the initiation of exposure to 
UV light under the following conditions: 20 mW microwave power; 1 G field modulation; 
100 G scan width. 
5.2.5.5 Effect of Au@Pt nanorods on the antioxidant property of ascorbic acid 
5.2.5.5.1 Effects of Au@Pt nanorods on the DPPH radical  
DPPH radical (DPPH•) is a stable, nitrogen-centered free radical. The attenuation of its 
ESR signal is one of the methods widely used to demonstrate a chemical’s ability to 
scavenge free radicals.  The effect of ascorbic acid, Au@Pt nanorods, and their 
combination on the ESR spectrum of DPPH• was examined. Ascorbic acid, Au@Pt 
nanorods, or their mixture were stored at room temperature for 24 hrs. Afterwards, they 
were individually added to a control sample containing DPPH•, ethanol, and 10 mM PBS 
buffer. The reaction was initiated by adding DPPH•. Spectra were obtained at 2.5 min using 
15mW incident microwave power and 100 kHz field modulation of 2 G.  
5.2.5.5.2 Effects of Au@Pt nanorods on the superoxide radical generated by 
xanthine/xanthine oxidase  
Superoxide radicals (•OOH) were produced using the xanthine/XOD system and trapped 
as the spin adduct BMPO/•OOH.  The method of superoxide radical detection using spin 
trap BMPO was essentially the same as described by Yin et al (316). Ascorbic acid, Au@Pt 
nanorods, or their mixtures were stored at room temperature for 48 hrs. Then, they were 
individually introduced into a freshly prepared xanthine/XOD mixture where generation of 
superoxide radical was initiated by addition of XOD. The ESR spectra were recorded at 
1.5 min using 20 mW microwave power, 1 G field modulation, and 100 G scan width.   
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5.3 Results and Discussion 
5.3.1 Synthesis and characterization of Au@Pt nanorods coated with PSS 
The TEM image in Figure 5-1 shows the core/shell morphology of the Au@Pt nanorods. 
The Au nanorods, ~10 nm in diameter and ~60 nm in length, served as a template and Pt 
nanodots, ~3 nm in diameter, were grown on them. It has been reported that Pt 
nanoparticles, especially smaller than 5 nm, exhibit great catalytic activity (314). In the 
current study, Pt nanodots were distributed homogeneously on the surface of Au nanorods 
(Figure 5-1right), as expected because Pt grows in a Stranski-Krastanow mode (182). Such 
nanorods are expected to exhibit greatly enhanced catalytic activity due to the large surface 
area associated with the small diameter of the nanodots (314). Also, the Pt/Au interface 
can result in superior catalytic activity toward redox reactions. Here, the Au@Pt nanorods 





Figure 5-1 Morphology of core/shell structure of Au@Pt nanorods. TEM image (left) and high 
resolution TEM image (right). 
5.3.2 Ability of Au@Pt nanorods to catalyze oxidation of ascorbic acid  
Ascorbic acid, an active reducing agent, is oxidized by oxygen slowly. However, oxidation 
is accelerated by addition of ascorbic acid oxidase (AAO), where the intermediate ascorbyl 
radical (AA•) is an indicator of the oxidation (Scheme 5-1). The ESR spectrum of AA• is 
shown in the inset for Figure 5-2. We observed a hyperfine splitting constant αH4 = 0.177 
and g = 2.0052 that are consistent with previous studies (317, 318). Oxidation of ascorbic 
acid to AA• was dependent on the concentration of Au@Pt nanorods as shown in Figure 
5-2.  At concentrations of Au@Pt nanorods below 0.5 nM, an increase in the concentration 
of Au@Pt nanorods resulted in an increase in levels of ascorbyl radicals. At higher 
concentrations of Au@Pt nanorods, no increase in ascorbyl radical levels was observed 
with increasing nanorods concentration. The saturation of ascorbyl radical formation likely 
resulted from the depletion of one or both substrates (oxygen and ascorbic acid). The 
ascorbyl radical was not formed when the reaction solution was deoxygenated with 
nitrogen in the presence of either AAO or Au@Pt nanorods (data not shown), indicating 
that Au@Pt nanorods are a catalyst rather than an oxidant. A similar experiment was 





that the AA• production was also dependent on the concentration of Pt NPs (Figure 5-3A). 
Furthermore, we found out that with the regard to AA• production, Au@Pt nanorods were 
much more efficient than Pt NPs. This may be due to a number of factors including 
resistance toward aggregation for Au@Pt nanorods and the promotional effect on catalytic 
activity of Au nanorods (319).  
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Figure 5-2 Ascorbyl radical production is dependent on the concentration of Au@Pt nanorods. 
Samples contained 5 mM AA and Au@Pt nanorods at variable concentrations in 50 mM PBS (pH 7.4). 
The inset shows the ESR spectrum of the ascorbyl radical. The ESR signal intensity was measured as 






Figure 5-3 (A) Ascorbyl radical production is dependent on the concentration of Au@Pt nanorods and 
Pt NPs. Samples contained 5 mM AA and Au@Pt nanorods or Pt NPs at variable concentrations in 50 
mM PBS (pH 7.4).The inset shows the ESR spectrum of the ascorbyl radical. The ESR signal intensity 
was measured as the peak-to-peak value of the first line of the spectrum. (B) Oxygen consumption 
during the oxidation of ascorbic acid catalyzed by Pt NPs. Samples contained 5 mM AA, 0.14mM 
CTPO, 0.05 mM Pt NPs, and 50 mM PBS buffer (pH 7.4). The Inset shows the ESR spectrum change 
of CTPO. (C) UV-Vis spectra evolution of 0.1 mM AA in presence of 5 μM Pt NPs in 50 mM PBS buffer 
(pH 7.4) during 30 min. Arrow shows decrease in absorbance. The concentration of nanoparticles 
refers to atomic concentration. 
5.3.3 Thermal stability of Au@Pt nanorods as AAO mimetics  
Enzymes are sensitive to temperature changes and may be denatured upon heating. By 
contrast, Au@Pt nanorods are expected to be relatively insensitive to changes in 
temperature. We compared the thermal stability of Au@Pt nanorods and AAO, as shown 








































































intensity of the ESR spectrum of ascorbyl radical represented the amount of oxidation 
product.  Both AAO and Au@Pt nanorods were preincubated at 23, 40, and 70 oC in a 
water bath for 0, 3, or 6 hours prior to examining effects on oxidation of a freshly made 
AA solution. A time dependent decrease in the activity of the enzyme, AAO, was observed 
at all temperatures. Higher temperatures resulted in more rapid decreases in the activity of 
AAO (Figure 5-4, left).  However, Au@Pt nanorods were much more stable than AAO 
during preincubation for up to 6 hrs. The activity of Au@Pt nanorods in catalyzing the 
oxidation of AA remained above 95% (Figure 5-4, right), which indicates the superior 
thermal stability of Au@Pt nanorods.  
 
Figure 5-4 Thermal stability of AAO and Au@Pt nanorods. 0.9 nM AAO and 0.5 nM Au@Pt nanorods 
were preincubated at 23, 40, or 70 oC for 0, 3, and 6 hrs prior to oxidation reaction of 5 mM AA in 50 
mM PBS (pH 7.4). Inset represents ESR spectrum of ascorbyl radical. The signal intensity was 
measured as the peak-to-peak value of the first line of the spectrum. ESR spectra were collected at 1 
min after sample mixing. 
5.3.4 pH dependent activity of AAO and Au@Pt nanorods as AAO mimetics  
The stability of ascorbyl radicals varies with reaction conditions such as pH. Therefore, 
oxygen consumption was used to examine the effects of pH on the oxidation of AA 
catalyzed by AAO or Au@Pt nanorods. Oxygen consumption was measured by ESR 
 











































































oximetry. The ESR spin label CTPO, in a closed chamber, was used to monitor oxygen 
concentrations during the oxidation of AA. ESR spectra of the spin label CTPO exhibit 
three lines because of the hyperfine interaction of the unpaired electron with the nitrogen 
nucleus. Each line is further split into another group of lines because of proton super 
hyperfine interaction. The resolution of the super hyperfine structure of the low-field line 
of the ESR spectrum of CTPO depends on the oxygen concentration of the sample solution. 
Figure 5-5 shows the evolution of the CTPO spectrum during oxidation of AA catalyzed 
by Au@Pt nanorods. A time dependent increase in super hyperfine splitting was observed. 
This indicates the disappearance of oxygen in solution during oxidation of AA catalyzed 
by Au@Pt nanorods. Quantitative estimates of oxygen consumption were obtained from 
the calibration chart relating the K parameter to oxygen concentration, where K was 
calculated based on the super hyperfine splitting shape of the ESR spectrum (213). Herein, 
the consumption rate of oxygen was used to indicate the apparent activity of both AAO 
and Au@Pt nanorods. The Pt NPs also catalyzed the oxidization of AA in presence of 
oxygen (Figure 5-3B). It is well established that oxidative degradation of AA is enhanced 
at increased pH, however the rate of the uncatalyzed degradation is relatively low. Thus, 
the reaction rate is mainly dependent on the catalytic activity. The usual pH-dependence 
for enzyme activity is a bell shape curve. The optimum pH range of AAO is reported to be 
4-8, which is consistent with our finding that AAO was less active in extreme acidic or 
alkaline condition (Figure 5-6). By contrast, the apparent activity of Au@Pt nanorods 
increased rapidly with increasing pH (Figure 5-6). This may attributed to the coating 
material, PSS, which is negatively charged and may make the nanorods more 
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homogenously distributed under alkaline condition. These results demonstrate that Au@Pt 
nanorods are much more stable catalysts than AAO over a wide range of pHs. 
 
 
Figure 5-5 Evolution of ESR spectrum of the spin label CTPO during the oxidation of AA catalyzed 
by Au@Pt nanorods. Sample solutions contained 0.1 mM CTPO, 5 mM AA, 50 mM PBS (pH 7.4), in 
the absence (control) and in the presence of 0.5 nM Au@Pt nanorods. ESR spectra were obtained at 
0.5, 1.5, and 3 min after addition of Au@Pt nanorods.  
 
Figure 5-6 Ability of AAO and Au@Pt nanorods in catalyzing AA oxidation determined by initial O2 
consumption over a wide pH range. Sample solutions included 0.1 mM CTPO, 5 mM AA, and 50 mM 
buffers at different pHs. 
The catalytic mechanism for the nanorods may be attributed to the surface-mediated 
electron transfer between two substrates. The Michaelis constant (Km) and catalytic 
constant (Kcat) are key characteristics to describe properties of enzymes. A low Km 
































































  0.9 nM AAO
 0.5 nM Au@Pt
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represents high affinity between substrate and enzyme, while a high Kcat indicates a high 
catalytic ability of the enzyme. Using AA as the substrate, values for Km and Kcat were 
determined for both AAO and Au@Pt nanorods over the pH range described in Table 5-1. 
Under neutral conditions, the Km of Au@Pt nanorods was much higher than that of AAO, 
which suggests that binding of AA to AAO is more specific than binding to Au@Pt 
nanorods. In contrast, the Kcat of Au@Pt was many times of that of AAO. This 
demonstrates that Au@Pt nanorods catalyzed the enzymatic reaction more rapidly than 
AAO, although they had less affinity for the substrate. Our results are consistent with 
previous findings that Pt nanoparticles behaved similarly as peroxidase (182, 183, 246, 
260), catalase (189), and uric acid oxidase (309); Au@Pt nanorods are therefore potentially 




Table 5-1 Kinetic parameter for 0.09 nM AAO and 0.05 nM Au@Pt nanorods as AAO mimetics. Km is 
the Michaelis constant, Vmax is the maximum reaction rate and Kcat is the catalytic constant. Reaction 
conditions: 50 mM buffers at 23 oC. The reaction is monitored through recording spectrum peak (220-
270 nm) of ascorbic acid in UV-VIS spectrophotometer. 
pH Km, nM Vmax, nM s-1 Kcat, s-1 
 AAO Au@Pt AAO Au@Pt AAO Au@Pt 
1.2 219 18.4 0.003 0.764 0.028 15.3 
4.6 16.5 16.5 0.17 6.57 1.89 131 
7.4 3.1 24.5 0.409 2.09 4.54 41.7 
9 4.0 29.1 0.484 2.27 5.38 45.5 
11 11.9 27.9 0.465 7.12 5.16 142 
5.3.5 Inhibitive effect of Au@Pt nanorods on generation of hydroxyl radicals 
 
Figure 5-7 Effect of Au@Pt nanorods on hydroxyl radicals generated through the Fenton reaction. 
Reaction mixtures contained 10 mM PBS buffer (pH 7.4), 10mM DEPMPO, 1 mM H2O2, 0.2 mM 
Au@Pt nanorods or 1 mM AA, and 0.5 mM Fe2+ (this order was followed in preparing the control (a), 
AA added to the control sample (b), and  Au@Pt added to the control sample (c-f)). For time premixing, 
the Au@Pt nanorods were first mixed with A (d-f) H2O2 or B (d-f) Fe2+ for 1, 5, and 10 min and then 
Fe2+ (panel A) or H2O2 (panel B) was added before adding the spin trap. ESR conditions: power 20 
mW, field modulation 1G, scan width 100 G. Pt nanodots concentration was used for Au@Pt nanorods. 
The hydroxyl radical possesses the highest one-electron reduction potential of all the 
physiologically relevant ROS and is extremely reactive with almost every type of 
biomolecule (10, 320). The Fenton reaction, a widely accepted method for generating 











































hydroxyl radicals (Figure 5-7).  ESR spin trapping using the spin trap DEPMPO was 
employed to detect the short-lived hydroxyl radical in the form of spin adduct 
DEPMPO/•OH, which has eight lines with intensity ratios of 1:2:2:1:1:2:2:1 and hyperfine 
splitting parameters of aP = 47.3 G, aH = 13.2 G, aN = 14.0 G (283). A significant reduction 
of the ESR signal for DEPMPO/•OH was observed following addition of AA, a well-
known scavenger for ROS.  Addition of Au@Pt nanorods also reduced the signal intensity 
suggesting that Au@Pt nanorods behave as antioxidants by quenching hydroxyl radicals. 
However, an alternative mechanism is inhibition of hydroxyl radical formation through 
interactions of Au@Pt with H2O2 or Fe2+. To distinguish these mechanisms, Au@Pt was 
mixed with either H2O2 or Fe2+ for selected times prior to initiating the Fenton reaction. As 
shown in Figure 5-7 A and B d-f, lower levels of hydroxyl radicals were produced 
following longer premixing times, indicating that the Au@Pt nanorods reduced hydrogen 
peroxide and interacted with Fe2+. These results indicate that Au@Pt nanorods act as 
catalase mimetics, consistent with previous studies (188, 189), and may facilitate the 




Figure 5-8 The effect of Au@Pt nanorods on hydroxyl radical levels and their combined effect with 
ascorbic acid to scavenge hydroxyl radicals generated during irradiation of metal oxides. (A) Sample 
solutions containing 0.1 mg/ml P25 (TiO2) and 50 mM DMPO were exposed to UV radiation (340nm). 
Samples in A and B contained Au@Pt nanorods, AA, or their combination. ESR spectra were collected 
at 1 min after UV light was turned on. Pt nanodots concentration was used for Au@Pt nanorods. 
Both TiO2 (P25) and ZnO generate hydroxyl radicals when exposed to UV radiation at 320 
and 340 nm, respectively. In irradiated samples containing DMPO and one of the metal 
oxides, we observed a four-line spectrum with relative intensities of 1:2:2:1, and hyperfine 
splitting parameters of aN = aH = 14.9 G. This ESR spectrum is characteristic for the spin 
adduct between DMPO and hydroxyl radical (DMPO/•OH) (251). In Figure 5-8, a 
substantial level of hydroxyl radicals was produced following irradiation of ZnO or TiO2. 
The addition of AA significantly reduced the ESR signal observed for the DMPO/•OH 
adduct. A previous study stated that Pt nanoparticles were able to scavenge •OH generated 
during UV irradiation of H2O2 (312). However, we observed no significant reduction in the 
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and observed for hydroxyl radicals (Figure 5-8). These results indicate that Au@Pt 
nanorods do not directly scavenge •OH. Therefore, reexamination of the aforementioned 
scavenging effect of Pt NPs towards hydroxyl radicals is warranted to determine the role 
of their catalase-like ability to degrade H2O2 (189), which is also demonstrated in Figure 
5-7. It is noteworthy that, when added together with AA, Au@Pt nanorods inhibited the 
ability of AA to scavenge hydroxyl radicals (Figure 5-8). These phenomena were observed 
in both TiO2 and ZnO/UV systems. This finding suggests that while Au@Pt nanorods 
themselves cannot scavenge hydroxyl radicals, they might reduce the antioxidative 




Figure 5-9 Effects of Au@Pt nanorods on the antioxidant ability of ascorbic acid. Control sample in 
(A) contained 0.1 mM DPPH•, 10% (v/v) ethanol, and 10 mM PBS buffer (pH 7.4); samples containing 
AA, Au@Pt  nanorods, or a mixture of these were kept at room temperature for 24 hr. Control sample 
in (B) was a Fenton reaction system consisting of 50 mM DMPO, 10 mM PBS buffer (pH 7.4), 0.1 mM 
Fe2+, and 1 mM H2O2; AA, Au@Pt  nanorods, or a mixture of these were kept at room temperature 
for 48 hr. Control sample in (C) included 25 mM BMPO, 10 mM PBS buffer (pH 7.4), 1 mM xanthine, 
and 0.2 U/ml XOD; AA, Au@Pt  nanorods, or a mixture of these were kept at room temperature for 
48 hr. Pt nanodots concentration was used for Au@Pt nanorods. 
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To further investigate the effect of Au@Pt nanorods on the antioxidant activity of ascorbic 
acid, three systems for generating radicals were employed (Figure 5-9). 
DPPH radical (DPPH•) is a stable radical that has been commonly used to evaluate the 
antioxidant properties of ingredients in foods. Although DPPH• is a stable nitrogen-
centered radical that has no involvement in physiological processes, attenuation of the ESR 
signal for DPPH• is one of the criteria widely used to demonstrate the ability to scavenge 
ROS (321). In Figure 5-9A, a characteristic one line spectrum was obtained for the control 
solution of 0.1 mM DPPH• and 10% ethanol in PBS buffer. We observed that the ESR 
signal for the DPPH radical nearly disappeared when the well-recognized antioxidant, 
ascorbic acid, was added (Figure 5-9A spectrum 1 compared with spectrum 3). In contrast, 
Au@Pt nanorods at a concentration of 1.6 μM (Pt nanodots) had little effect in reducing 
the ESR signal for the DPPH radical. However, after 24 hr, the mixture of nanorods (at the 
same concentration) and AA resulted in a significant increase in the ESR signal compared 
with the ESR signal observed when only AA was present (Figure 5-9A, spectrum 3 
compared with spectrum 5). Even when the concentration of Au@Pt nanorods was reduced 
to an extremely low level, 0.8 μM (Pt nanodots), premixing of AA with nanorods still 
resulted in a significant reduction in AA’s antioxidant activity in this system (Figure 5-9A, 
spectrum 4 compared to spectrum 3).  
The Fenton reaction is a key contributor to hydroxyl radical generation in biological 
systems. By means of DMPO, hydroxyl radicals were trapped in the spin adduct 
DMPO/•OH (251). In biological systems, ascorbic acid is one of main antioxidants that 
scavenge reactive hydroxyl radicals and thereby prevent oxidative damage in cells.  In our 
model system, a convincing scavenging effect for AA is shown in Figure 5-9B spectrum 
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3. Au@Pt nanorods also had a perceivable inhibitive effect on the hydroxyl radical 
generation through the Fenton reaction. This may result from its catalytic effect on 
decomposition of H2O2 or oxidation of Fe2+ as discussed previously. However, premixing 
of AA and Au@Pt nanorods for 48 hrs resulted in a larger ESR signal for the DMPO/•OH 
adduct compared to the ESR signal observed in the presence of AA alone (Figure 5-9 
spectra 3 and 4). Similar results were obtained when the concentration of Au@Pt nanorods 
was reduced by one half.     
In the xanthine/XOD system used for generating superoxide radical, BMPO was chosen as 
a spin trap to form spin adduct BMPO/•OOH. The ESR spectrum characteristic for this 
spin adduct has four lines with relative intensities of 1:1:1:1 and hyperfine splitting 
parameters of aN = 13.4, aβH = 12.1(251). Pt nanoparticles have been reported to be 
effective superoxide radical scavengers, behaving like SOD (188). We observed no 
significant change in the ESR signal for BMPO/•OOH when the nanorods were added to 
the system for generating superoxide radicals (Figure 5-9C). It should be noted that we 
used a much lower concentration of Au@Pt nanorods compared with concentrations of Pt 
nanoparticles used by investigators reporting quenching of superoxide radicals. As 
expected, ascorbic acid effectively quenched superoxide radicals resulting in a dramatic 
reduction in the ESR signal for BMPO/•OOH (Figure 5-9C, spectrum 3). Premixing AA 
with Au@Pt nanorods for 48 hrs resulted in a loss in the ability of AA to quench superoxide 
radicals as seen by the increase in the ESR signal for BMPO/•OOH (Figure 5-9C, spectra 
3, 4, and 5). 
In contrast to previous studies where platinum NPs, at higher concentrations, were capable 
of quenching DPPH radicals (313) and super oxide radicals (188), we did not observe the 
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scavenging effect of Au@Pt nanorods under our experiment conditions (Figure 5-9). In 
addition, we find that Au@Pt nanorods do not scavenge hydroxyl radical, the most reactive 
biologically relevant free radical (Figure 5-8). Our results generally suggest that the 
mechanisms for previously reported radical scavenging by Pt NPs should be reexamined 
and that indirect mechanisms for radical scavenging should be considered. 
Since the human body is not able to synthesize AA, AA must be provided by dietary 
sources, predominantly fruits and vegetables. AAO is endogenously present in various 
plants and it is a main factor resulting in enzymatic degradation of AA (322). The 
mechanical processing of plants in food production can expose AA to AAO causing 
degradation of AA, thus reducing antioxidant protection by AA. Platinum nanoparticles 
have been considered as antioxidants because, under some experimental conditions, they 
scavenge biologically relevant ROS. Therefore, it is possible that in current or future 
applications, Pt NPs may be incorporated in complex commercial formulations with 
multiple components.  
In this work, we have found that Au@Pt nanorods and Pt NPs catalyze oxidation of 
ascorbic acid, acting similar to AAO. As a strong antioxidant, AA scavenges hydroxyl 
radicals (Figure 5-8), DPPH radicals, and superoxide radicals (Figure 5-9). Added alone, 
Au@Pt nanorods, at the concentrations in our study, did not change levels of the above 
radicals. However, when combined with AA, Au@Pt nanorods significantly reduced the 
antioxidant property of AA. Our findings suggest that Au@Pt nanorods at the stated levels 
do not exert antioxidant function in scavenging radicals, but instead can reduce the 




In the current study, we have systematically investigated the properties of Au@Pt nanorods 
as ascorbic acid oxidase mimetics. Commercially available Pt NPs were also found to be 
AAO mimetics despite their low efficiency. The Au@Pt nanorods were found to be more 
thermally stable than AAO. In addition, Au@Pt nanorods maintained catalytic activity over 
a wider pH range than AAO. Results obtained from studying reaction kinetics 
demonstrated that Au@Pt nanorods were able to rapidly catalyze the oxidation of AA, 
although AA had a lower affinity to Au@Pt nanorods than to AAO. Similar to the reported 
peroxidase, catalase, and uricase activities of other Pt nanoparticles, Au@Pt nanorods may 
be viewed as multi-enzyme mimetics with broad substrate specificities. 
In our study, we examined the radical scavenging ability of Au@Pt nanorods using systems 
which generated DPPH, hydroxyl or superoxide radicals. No evidence for direct 
scavenging of these radicals by Au@Pt nanorods was seen under our experimental 
conditions. Previously reported studies have found that Pt nanoparticles scavenged DPPH 
and superoxide radicals, but their experimental conditions were different from ours. Most 
notably, we have investigated lower concentrations of nanoparticles and have used direct 
methods for assessing free radical quenching. Au@Pt nanorods may exert different effects 
toward free radicals.  Our results indicate that Au@Pt nanorods cannot be simply 
considered as direct antioxidants, but are enzyme mimetics instead. Consistent with their 
catalytic activity, trace amount of Au@Pt nanorods were found to significantly reduce the 
antioxidant ability of ascorbic acid to scavenge hydroxyl, superoxide, and DPPH radicals. 
This suggests that as oxidase mimetics, Au@Pt nanorods may have antagonistic effects on 
antioxidants such as AA (Scheme 5-2). Factors such as experimental conditions, product 
formulation or product use may dramatically alter the overall effects of Au@Pt nanorods. 
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Therefore, the performance of nanoparticles, such as Au@Pt nanorods, in complex 
formulations should be evaluated under real use conditions.   
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Scheme 5-2 Au@Pt nanorods are ascorbic acid oxidase mimetics rather than antioxidants 




Chapter 6: Enzyme-like activity of Au@Pt nanorods and their combined 
effect with phenolics 
6.1 Introduction 
Tyrosinase (monophenol, dihydroxyphenylalanine: oxygen oxidoreductase EC 1.14.18.1) 
catalyzes the hydroxylation of monophenolic compounds to o-diphenols (cresolase 
reaction) and the oxidation of the latter to o-quinones (catecholase reaction) in the presence 
of oxygen (323) (Figure 6-1). Tyrosinase is an important enzyme for the synthesis of 
melanin since o-quinones continuously undergo several reactions to eventually form 
melanin. The accumulation of melanin could cause enzymatic browning of fruits and 
vegetables, which can be resolved in the food industry by blanching to deactivate the 
enzyme. On the other side, the pigment melanin in human skin is a major defense 
mechanism against ultraviolet light, but the increased accumulation and redistribution of 
epidermal melanin could cause serious aesthetic problems, such as dermal darkening for 
oriental people. Therefore, researchers are encouraged to find out potent tyrosinase 
inhibitors in cosmetics. Some well recognized natural antioxidants, namely green tea 
components (324), caffeic acid or its esters mainly sourced from coffee (325),  and 
resveratrol that is rich in grapes (326), are original substrates for tyrosinase and have been 





Figure 6-1 Enzymatic oxidation of phenolics in presence of oxygen catalyzed by tyrosinase. 
Phenolics exert protective effect in vivo by acting as reducing agents, hydrogen donating 
antioxidants, singlet oxygen quenchers, as well as metal chelating agents in some cases 
(327). The antioxidant property of phenolics is predicted by the phenolic hydrogen that 
donates hydrogen to scavenge radicals, which can be seen in the structure of the selected 
phenolics (Figure 6-2). Therefore, the antioxidative activity of phenolics may be decreased 
as the oxidation of phenolics is catalyzed by tyrosinase. For example, it has been found 
that there were higher caffeic acid derivatives in blanched artichokes than in raw ones, 
which may attributed to the oxidation of phenolic compounds in polyphenol oxidase-
catalyzed reactions. Artichokes are a rich source of polyphenol oxidase activity and 
blanching involves PPO inactivation with the subsequent preservation of phenolics (328). 
  
Figure 6-2 Chemical structure of (-)-Epicatechin, caffeic acid, and resveratrol. 
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The intrinsic enzyme-like activity of nanoparticles (NPs) has become a growing area of 
interest. Compared with natural enzymes, these enzyme-like NPs are stable against 
denaturation, low in cost, highly resistant to high concentrations of substrate, and easy to 
be functionalized for different purposes. These advantages make them promising for 
various applications especially as bio-devices. Recently developed NPs of enzyme 
mimetics include magnetic NPs, cerium-oxide NPs, and noble-metal NPs (308, 329, 330). 
We have previously reported the enzyme mimetic property of Au@Pt nanorods in 
oxidizing ascorbic acid and in turn jeopardized its antioxidant activity in Chapter 0. In the 
current study, we extended the possible substrates of Au@Pt nanorods as an oxidizing 
enzyme to another group of antioxidant phenolics. Gold@platinum nanorods were 
employed to catalyze the oxidation of flavonoids (-)-Epicatechin and resveratrol plus o-
diphenols caffeic acid, which was monitored by UV-vis spectroscopy and Electron Spin 
Resonance (ESR) oximetry.  The free radical scavenging effect of the selected phenolics 
was evaluated by ESR. Also, the effect of Au@Pt nanorods on the phenolics to quench free 
radicals was investigated. 
6.2 Materials and methods 
6.2.1 Materials  
Spin trap a-(4-pyridyl-1-oxide)-N-tert-butylnitrone (4-POBN), 3-carbamoyl-2,5-dihydro-
2,2,5,5-tetramethyl-1H-pyrrol-1-yloxyl (CTPO), 1,1-diphenyl-2-picryl-hydrazyl radical 
(DPPH•), ethanol, xanthine, (-)-Epicatechin (EC), caffeic acid (CFA), resveratrol (RES), 
and tyrosinase (Tyr) were all purchased from Sigma-Aldrich (Saint Louis, MO). Xanthine 
oxidase (XOD) was obtained from Roche Diagnostics GmbH (Mannheim, Germany). Zinc 
oxide nanoparticles aqueous dispersion (20 wt%, 30-40 nm) was purchased from US 
Research Nanomaterials, Inc (Houston, TX). Spin trap 5-tertbutoxycarbonyl 5-methyl-1-
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pyrroline N-oxide (BMPO) was from Bioanalytical Labs (Sarasota, FL). Gold@Platinum 
(Au@Pt) nanorods were synthesized using previous method (281). For TEM sampling, 
copper grids coated with carbon film were purchase from SPI supplies (West Chester, PA) 
6.2.2 Characterization 
6.2.3 Transmission electron microscopy (TEM)  
TEM images were captured on a JEM 2100 FEG (JEOL) transmission electron microscope 
at an accelerating voltage of 200 kV located at the NanoCenter, University of Maryland, 
College Park, MD. To observe the morphological evolution of the nanoparticles after 
catalysis reaction, 0.1 nM Au@Pt nanorods and 1 mM (-)-Epicatechin were mixed in 0.5 
mL 10mM pH 6.0 phosphate buffer solution for 30 min and twice centrifuged (12,000 rpm, 
5 min). After the supernatants were decanted, twenty milliliter of water was added to 
redisperse the precipitates. The samples for TEM analysis were prepared by adding drops 
of the redispersed colloidal solutions onto standard carbon-coated copper grids, which were 
then air dried at room temperature. 
6.2.4 UV-vis spectroscopy 
UV-vis absorption spectra were obtained using a Varian Cary 300 spectrophotometer. To 
monitor the evolution of each phenolic during oxidation catalyzed by tyrosinase or Au@Pt 
nanorods, phenolics were mixed with tyrosinase or Au@Pt nanorods in buffers at different 
pHs at 23 oC. The spectra were recorded at a predetermined interval for 30 min.  
In order to study the enzymatic kinetics of tyrosinase and Au@Pt nanorods as enzyme 
mimetics, the oxidation reaction of selected phenolics was monitored through recording 
spectrum peak of (-)-Epicatechin, caffeic acid, and resveratrol using UV-VIS 
spectrophotometer. Then, sufficient tyrosinase or Au@Pt nanorods were added to give a 
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final concentration of 0.022 nM or 0.1 nM, respectively. The reaction kinetics for the 
catalytic oxidation of phenolics was studied by recording the absorption spectra at 1 min 
intervals in the scanning kinetics mode. The disappearance of phenolics was monitored by 
measurement of absorbance change at the λmax appropriate for (-)-Epicatechin, caffeic acid, 
and resveratrol at 389, 285, and 305 nm, respectively. The extinction coefficient is 1,370; 
29,000; and 19,510 M-1cm-1, respectively. The kinetic parameters were calculated based 
on the Michaelis-Menten equation v = Vmax × [S]/(Km + [S]), where v is the initial velocity, 
Vmax the maximal reaction velocity, [S] the concentration of substrate, and Km the Michaelis 
constant. 
6.2.5 Electron Spin Resonance (ESR) Measurement 
All ESR measurements were carried out using a Bruker EMX ESR spectrometer (Billerica, 
MA) at ambient temperature. All samples were put in 50 μL glass capillary tubes and 
placed in the ESR cavity.  
6.2.5.1 Oxidation of phenolics catalyzed by enzyme or platinum nanomaterials using 
ESR oximetry 
The catalytic activity of tyrosinase and Au@Pt nanorods on different phenolics was 
assessed through observation of oxygen consumption.  ESR spin label oximetry was 
employed to measure oxygen change during the reaction (213). Solutions containing 0.1 
mM of the water-soluble spin label CTPO and 1 mM (-)-Epicatechin, caffeic acid, or 
resveratrol in 50 mM buffers at pH 6.0, 6.0, and 6.8 respectively.  Among the phenolics, 
caffeic acid and resveratrol were dissolved in ethanol. The capillary tube was then sealed 
and positioned in the ESR instrument. ESR spectra were then recorded at 1, 3, 5, 7, and 10 
min at the low field line of CTPO (at 23 oC).  Signals were obtained with a 1 G scanning 
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width, 1mW incident microwave power, and with 100 kHz field modulation. The detailed 
calculation method was described in our previous review article (213).  
6.2.5.2 DPPH radical scavenging  
DPPH radical is a stable synthesized nitrogen-centered radical. Since DPPH radical is UV-
vis spectroscopy detectable, it has been commonly used as a target for antioxidant activity 
evaluation.  In ESR spectroscopy, the peak to peak height of signal represents the amount 
of DPPH radical, thus the reduction of the signal is an indicator of scavenging ability. 
Control samples contained 0.2 mM DPPH radical and 10% ethanol in 10 mM buffer (pH 
7.4). Different phenolics (-) - Epicatechin (1 mM), resveratrol (1 mM), or caffeic acid (0.05 
mM) was added into sample solution to initiate reaction. To investigate the effect of Au@Pt 
nanorods on the phenolic in scavenging DPPH radical, the nanomaterials were premixed 
with the three phenolics for 30 min. The quenching effect of Au@Pt nanorods was also 
examined. The DPPH radical scavenging ability was represented as the signal reduction of 
sample against control solution in percentage. Spectra were recorded at 1 min under using 
the following conditions: 20 mW microwave power; 1 G field modulation; 100 G scan 
width.  
6.2.6 Superoxide radical scavenging ability 
Superoxide radicals (•OOH) were produced using the xanthine/xanthine oxidase (XOD) 
system and trapped as the spin adduct BMPO/•OOH.  The method of superoxide radical 
detection using spin trap BMPO was essentially the same as described by Yin et al (316). 
Phenolics, Au@Pt nanorods, or their mixtures were stored at room temperature for 30 min. 
Then, they were individually introduced into a freshly prepared xanthine/XOD mixture 
where generation of superoxide radical was initiated by addition of 0.2 U/ml XOD. Control 
solution included 25 mM BMPO, 1 mM xanthine, 0.1 mM DTPA, and 0.2 U/ml XOD in 
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10 mM pH 7.4 buffer. The scavenging ability on superoxide radicals was shown as the 
intensity reduction of BMPO/•OOH. The ESR spectra were recorded at 1.5 min using 20 
mW microwave power, 1 G field modulation, and 100 G scan width.   
6.2.6.1 Hydroxyl radical scavenging ability 
Zinc oxide (ZnO) is a photosensitive compound that generates hydroxyl radicals when 
exposed to UV light. Samples were photoirradiated at 340 nm in the microwave cavity 
using light emitted from a 500 watt Xe arc lamp directed through a McPherson 
monochromator, model DM200 (Chelmsford, MA).  In presence of ethanol, hydroxyl 
radicals are trapped by spin trap 4-POBN to form spin adduct 4-POBN/∙OH.  The control 
solution contained 25 mM 4-POBN, 0.04 mg/ml ZnO, and 20 % (v/v) ethanol in 10 mM 
buffer (pH 7.4). Spectra were recorded 1 min after the initiation of exposure to UV light 
under the following conditions: 20 mW microwave power; 1 G field modulation; 100 G 
scan width. The intensity reduction of 4-POBN/•OH signal was shown as scavenging 
ability on hydroxyl radical.  
6.3 Results and discussion 
6.3.1 Characterization of Au@Pt nanorods  
The Au@Pt nanorods were prepared via seed-growth, described in a previous study 
(Chapter 0).  The Au@Pt nanorods were in a core/shell structure consisting of Au nanorods 
as template and Pt nanodots growing on their surface. The morphology of Au@Pt nanorods 
before and after catalytic oxidation of (-)-Epicatechin was examined using TEM (Figure 6-
3).  It is obvious that the morphology of the nanorods remained the same after participation 
in oxidation of EC, except that a thin transparent layer surrounded the nanorods afterwards 
(Figure 6-3b). This might be the residue leftover from the oxidation reaction caused by 
insufficient centrifugal separation. In addition, the oxidation of EC catalyzed by Au@Pt 
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nanorods was observed when the original EC and Au@Pt nanorods turned into the bright, 
yellowish oxidation product (Figure 6-4). 
 
Figure 6-3 TEM image of Au@Pt nanorods before (a) and after (b) reaction with (-)-Epicatechin.  
  
Figure 6-4 Visional change of (-)-Epicatechin before and after oxidation catalyzed by Au@Pt nanorods. 
 
6.3.2 Spectrophotometric studies of phenolics 
UV-vis spectroscopy experiments were conducted to investigate the catalytic effect of both 
tyrosinase and Au@Pt nanorods on selected phenolics. The oxidation process of phenolics 
was monitored by the disappearance of substrates or appearance of products. Each phenolic 
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presented distinct UV-vis absorption but all of the spectra for (-)-Epicatechin (Figure 6-
5a), caffeic acid (Figure 6-6a), and resveratrol (Figure 6-7a) remained unchanged in 
absence of tyrosinase or Au@Pt nanorods for 30 min.  
When added with Tyr, an absorption peak at ~389 nm appeared and became noticeable as 
a function of time, which means formation of a new compound (Figure 6-5b). The addition 
of Au@Pt nanorods also produced an absorbance at 389 nm and the higher amount of the 
nanorods resulted in a larger extent of amplitude (Figure 6-5c and d). This is indicative of 
the development of the same enzymatic oxidation product as Tyr catalyzed, and the more 
evolved the “enzyme” Au@Pt nanorods, the more efficient the oxidation.  It is also 
apparent that the oxidation product formation rate slowed down over time, suggesting a 
saturation of enzyme Tyr at a level of 5 U/ml. However, the Au@Pt nanorods provided 





Figure 6-5 UV spectrum of 0.5mM (-)-Epicatechin in the absence (a), presence of 5 U/ml tyrosinase (b), 
0.05 nM(c), and 0.1 nM (d) Au@Pt NRs in 10 mM phosphate buffer (pH 6.0). The spectra were 
recorded at 5-min intervals for a total of 30 min. Arrows show increase in absorbance. 
In Figure 6-6, CFA exhibited two absorption maximums at 288 and 311 nm, which 
coincides with the findings by Haghbeen and Tan (331). In the presence of Tyr, both peaks 
diminished over time (Figure 6-6b), indicating the occurrence of a catecholase reaction. By 
monitoring the spectrum change, the enzymatic oxidation of CFA by Tyr was completed 
after 15 min with a rapid initiation rate. Beyond this time, no further change was observed. 
In the presence of Au@Pt nanorods, the characteristic peaks of CFA were progressively 
reduced as well (Figure 6-6c and d). The oxidation of CFA catalyzed by 0.1 nM Au@Pt 
NRs was completed in 30 min. 










































Figure 6-6 UV spectrum of 0.05 mM caffeic acid in the absence (a), presence of 5 U/ml tyrosinase (b), 
0.05 nM(c), and 0.1 nM (d) Au@Pt NRs in 1% ethanol and 10 mM phosphate buffer (pH 6.0). The 
spectra were recorded at 3-min intervals for a total of 30 min. Arrows show decrease in absorbance. 
Figure 6-7 shows a maximum range for RES at 305 to 345 nm. The addition of Tyr resulted 
in a disappearance of the adsorption peak over time. The peak at 305 nm decreased rapidly, 
while there was a shift in the adsorption maximum to 275 nm and the peak at 345 slightly 
to 348 nm (Figure 6-7b). It is equally noteworthy that the reduction of the maximum peak 
experienced an initial increase and a decrease afterwards, suggesting a second order 
reaction. This may because REV underwent both cresolase and catecholase reaction 
catalyzed by Tyr.  REV only has two hydroxyl groups on meta position attached to the 
benzene ring instead of two adjacent hydroxyl groups (Figure 6-2). This is different from 
EC and CFA, both of which have two hydroxyl groups in ortho position of benzene ring. 
With the addition of Au@Pt nanorods, the adsorption peaks both declined and the degree 
of reduction was proportional to the amount of nanorods, although both changes were less 
evident than that caused by Tyr (Figure 6-7c and d).  However, the shifting at 305 nm was 




















































not noticeable and the reduction rate of the adsorption maximum appeared constant, which 
indicates a dominance of one order reaction catalyzed by Au@Pt nanorods.  
According to the evolution of the selected phenolics in presence of either Tyr or Au@Pt 
nanorods via UV-vis spectroscopy, the main enzyme mimetic activity of Au@Pt nanorods 
was exhibited in the oxidation of o-diphenols to o-quinones.  
 
Figure 6-7 UV spectrum of 0.1 mM resveratrol in the absence (a), presence of 5 U/ml tyrosinase (b), 
0.05 nM(c), and 0.1 nM (d) Au@Pt NRs in 2% ethanol and 10 mM phosphate buffer (pH 6.0). The 
spectra were recorded at 3-min intervals for a total of 30 min. Arrows show decrease in absorbance. 
6.3.3 ESR oximetry 
Besides monitoring the change of selected phenolics, another critical participant, oxygen, 
was examined during enzymatic oxidation using ESR oximetry. Parameter K was obtained 
from the ESR spectrum of CTPO (213) and calibration curve was calculated based on [O2] 
= aK+b. In Figure 6-8, oxygen content in all sample solutions decreased rapidly upon the 
addition of Tyr and Au@Pt nanorods at different levels during 10 min. This set of data 
indicates the catalytic role of Au@Pt nanorods in the oxidation of selected phenolics rather 





















































than the reactants. Among the three phenolics, Tyr showed strongest catalytic activity 
towards EC while Au@Pt nanorods, at a level of 0.5 nM, resulted in more oxygen 
consumption during oxidation of CFA and REV. This may be attributed to the inefficiency 
of Tyr caused by organic solvent that was used to dissolve CFA and REV. This also brings 
up one advantage of nanoparticles over natural enzymes is that the former is more resistant 
to environment condition.  
 
Figure 6-8 Oxygen consumption during oxidation of (-)-Epicatechin (a), caffeic acid (b), and 
resveratrol (c) in presence of Au@Pt nanorods and tyrosinase (Tyr). 
6.3.4 Kinetic parameters using UV-Vis spectroscopy 
The property of enzymes towards particular substrates could be characterized by catalytic 
constant (Kcat) and Michaelis constant (Km). A larger catalytic constant Kcat represents a 
higher enzyme activity, i.e., catalysis efficiency whereas a higher Michaelis constant value 
indicates less affinity of the enzyme to substrate. The kinetic parameters of Tyr and enzyme 
mimetic parameters of Au@Pt nanorods towards EC, CFA, and REV, in individual 
optimum conditions could be identified in Table 6-1.  The extinction coefficient for each 
phenolics is: 1370 M-1cm-1 @389 nm for EC (332),  19,510 M-1cm-1@285 nm for CFA, 
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and  29,000 M-1cm-1 @305 nm for REV (333), respectively. In summary, tyrosinase is more 
efficient in catalyzing oxidation of EC, CFA, and REV than Au@Pt nanorods. Both 
tyrosinase and Au@Pt nanorods showed increased enzymatic activity on the oxidation of 
phenolics in an order of EC >> CFA > REV. This may because caffeic acid and resveratrol 
were both dissolved in ethanol, which may partially deactivate the enzyme and limited the 
water soluble nanorods in the contact with the substrate. However, the Km values of Tyr, 
when CFA and REV were employed as substrates, were much lower than the one of Tyr 
with EC, which suggests that Tyr was preferable to CFA and REV than EC. In the oxidation 
of all the three phenolics, Au@Pt nanorods exhibited lower catalytic activity yet higher 
affinity to the substrates. The active sites for Au@Pt nanorods are Pt nanodots, 3-5 nm in 
diameter. Therefore, the large surface area of Pt nanodots may be promoting electron 
transfer during the oxidation reaction. The catalysis advantage of Tyr over Au@Pt 
nanorods towards CFA and REV was less than that to EC, indicating that the enzymatic 
property of the nanorods is more solvent resistant than the enzyme.  
Table 6-1 Kinetic parameters for 0.022 nM Tyr and 0.1 nM Au@Pt nanorods as Tyr mimetics. Km is 
the Michaelis constant, Vmax is the maximum reaction rate and Kcat is the catalytic constant. Reaction 
conditions: 50 mM buffers at 23 oC.   
Substrate pH Km, mM Vmax, nM s-1 Kcat, s-1 
  Tyr Au@Pt Tyr Au@Pt Tyr Au@Pt 
(-)-
Epicatechin 
6.0 0.9 2.0×10-2 1.0×104 2.0×102 4.5×105 4.1×103 
Caffeic acid 6.0 0.04 2.6×10-3 99.0 32.9 4.5×103 6.6×102 
Resveratrol 6.8 0.03 5.2×10-4 57.5 10.4 2.6×103 1×102 
 
6.3.5 ESR study 
Three free radicals were selected in the current study to evaluate the scavenging ability of 
the phenolics and their oxidation product catalyzed by either Tyr or Au@Pt nanorods. 
DPPH radical is a stable radical dissolved in ethanol with a one line spectrum in ESR 
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spectroscopy (Figure 6-9 spectrum 1). In the xanthine/XOD system used for generating 
superoxide radical, BMPO was chosen as a spin trap to form spin adduct BMPO/•OOH. 
The spin adduct has four lines with relative intensities of 1:1:1:1 and was fitted with aN = 
13.5 G, aβH = 11.2 G (Figure 6-9 spectrum 2). Another ROS hydroxyl radical was produced 
by photoirradiating ZnO nanodispersion at 340 nm. In order to detect the generation of the 
most reactive ROS hydroxyl radical, we used 4-POBN/ethanol system. In this system, ∙OH 
reacts with ethanol to yield α-hydroxyethyl radical, which then was rapidly trapped by 4-
POBN to form 4-POBN/∙OH spin adduct. The control sample yielded an ESR spectrum of 
4-POBN/∙OH with hyperfine splitting constants aN = 15.58 G and aH = 2.62 G (Figure 6-9 
spectrum 3), which was consistent with reported data (334). The scavenging ability of 
phenolics or their oxidized product is expressed as the resulted attenuation of the spectrum 





Figure 6-9 ESR spectra of radicals or their spin adducts. 
6.3.5.1 DPPH radical scavenging 
The DPPH radical scavenging ability of the selected phenolics was listed in Table 6-2. 
When DPPH radical abstracts one hydrogen atom, it becomes a reduced form that is ESR 
silent. All the phenolics showed quenching capability against DPPH radical and CFA was 
the strongest one amongst them. Consistent with previous reports that 
platinumnanoparticles could scavenge DPPH radical, our Au@Pt nanorods also showed a 
concentration dependent scavenging activity. Nevertheless, it is interesting to realize that 
the scavenging effect of all the phenolics were reduced after premixing with Au@Pt 
nanorods, which may due to the formation of o-quinone that is not able to provide H atom. 
Yet, they were still quite efficient in reducing DPPH radical possibly because 1) the 
scavenging ability of the nanorods themselves and 2) other H atom donation group of the 
phenolics rather than o-diphenols.  
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Table 6-2 DPPH radical scavenging ability of phenolics influenced by Au@Pt nanorods (n = 3). 
Phenolics 
DPPH scavenging ability, % 
Au@Pt NRs, nM 
None 0.05 0.1 
(-) - Epicatechin, 
1 mM 
94.9 ± 2.0 N/A 84.6 ± 1.26 
Resveratrol, 
1 mM 
71.2 ± 1.33 N/A 55.0 ± 2.74 
Caffeic acid,  
0.05 mM 
47.1 ± 0.12 29.7 ± 1.04 N/A 
None N/A 22.7 ± 1.51 47.8 ± 0.75 
6.3.5.2 Superoxide radical scavenging 
The superoxide radical scavenging effect of the three phenolics was also investigated 
shown in Table 6-3. All three phenolics effectively reduced superoxide radical but their 
ability stayed the same even after mixing with Au@Pt nanorods. Considering the 
scavenging effect from nanorods themselves, it is possible that the reduced scavenging 
ability of phenolics owing to their partial catalytic oxidation was compensated by Au@Pt 
nanorods.  When the superoxide radical was produced from xanthine/XOD system, spin 
trap BMPO was employed to form a spin adduct BMPO/∙OOH, which is ESR detectable 
as shown in Figure 6-9 spectrum 1. The shape of spin adduct BMPO/∙OOH dominated in 
ESR spectrum as phenolics and their pre-mixture with Au@Pt nanorods were added at 





Table 6-3 Superoxide radical scavenging ability of phenolics influenced by Au@Pt nanorods (n = 3). 
Phenolics 
Superoxide radical 
scavenging ability, % 
Au@Pt NRs, nM 
None 0.05  
(-) - Epicatechin, 
1mM 
88.9 ± 1.87       90.3 ± 2.01 
Resveratrol, 
1mM 
71.5 ± 0.44 71.5 ± 1.27 
Caffeic acid,  
1 mM 
93.6 ± 1.52 93.3 ± 0.46 
None N/A 27.8 ± 0.27 
6.3.5.3 Hydroxyl radical scavenging ability 
Hydroxyl radical is the most reactive ROS and it has been associated with damages of cells 
and DNA. Compared to previously mentioned radicals, the hydroxyl radical is more 
resistant to antioxidants. In comparison with DPPH and superoxide radical, higher 
concentrations of selected phenolics were required to scavenge hydroxyl radicals (Table 6-
4). Moreover, EC was the most effective antioxidant in scavenging hydroxyl radicals. This 
maybe because EC has most hydroxyl groups attached to benzene rings that could readily 
donate electrons to hydroxyl radicals. We have already reported that Au@Pt nanorods were 
not able to scavenge hydroxyl radicals in section 5.2.5.4. Therefore, although they are able 
to reduce superoxide radical and decompose hydrogen peroxide, strictly speaking they are 
not a universal antioxidant. However, the hydroxyl radical scavenging ability of EC, REV, 
and CFA was influenced slightly by the inclusion of Au@Pt nanorods. Instead of 
phenolics, hydroxyl radicals can react with quinone to form OH-adduct and possibly 
underwent a very rapid water-assisted keto-enol tautomerization to yield 
dihydroxylphenoxyl radical (335). As a result, the hydroxyl radical reduction capability of 
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the three phenolics was still strong although they have been catalytically oxidized by 
Au@Pt nanorods.    
Table 6-4 Hydroxyl radical scavenging ability of phenolics influenced by Au@Pt nanorods (n = 3).  
Phenolics 
Hydroxyl radical 
scavenging ability, % 
Au@Pt NRs, nM 









63.1 ± 1.3 
51.2 ± 
0.81 
Caffeic acid,  
25 mM 
94.9 ± 1.01 
92.4 ± 
2.22 
None N/A 0.1 ± 0.01 
 
6.4 Conclusions 
In current study, we found that Au@Pt nanorods behaved similarly to tyrosinase in 
catalyzing oxidation of phenolic to o-quinone in the presence of oxygen. However, the 
nanorods are preferable in assisting the oxidation of o-diphenols to the corresponding o-
quinones instead of hydroxylation of monophenols to o-diphenols. The selected phenolics 
(-)-Epicatechin, caffeic acid, and resveratrol showed dissimilar ability to scavenge DPPH, 
superoxide, and hydroxyl radicals. The ability of Au@Pt nanorods to reduce the 
scavenging capability of phenolics was in an order DPPH radicals > hydroxyl radical > 
superoxide radical. The result indicates that antioxidant property of phenolics was 
compromised by Au@Pt nanorods because the antioxidants underwent oxidation catalyzed 
by Au@Pt nanorods. Since tyrosinase plays important roles in the production of melanin 
or other pigments, which results in fruit and vegetable browning or dermal darkening, our 
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results could provide insights to the potential usage of platinum nanoparticles in cosmetics, 
food packaging, or dietary supplements.  
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Chapter 7: Conclusions and future work 
Silver nanomaterials have slightly or negligible effects against free radicals including ROS 
and organic radicals. Thiol-based antioxidants are important biological antioxidants known 
to scavenge free radicals via their thiol group. Nevertheless, the premixing of Ag 
nanomaterials with antioxidants containing thiol groups renders partial activity loss of the 
latter against free radicals. In presence of a significant biological relevant ROS, hydrogen 
peroxide, silver nanoparticles induce generation of hydroxyl radicals and oxygen in acidic 
and alkaline conditions, respectively. Interestingly, in strong alkaline environment, Ag NPs 
in smaller size (10 or 20 nm) more preferred to participate in a cyclic reaction that silver 
ions were formed initially and silver elements were reformed afterwards. Our results 
indicate that alteration of the balance between hydroxyl radicals, oxygen, and hydrogen 
peroxide should be considered when assessing the effects of Ag NPs. 
Platinum nanoparticles have been considered as a good antioxidant against ROS. However, 
in the current study, Au@Pt nanorods had no effect in scavenging hydroxyl radicals, which 
are the most reactive ROS in biological systems. Instead, they have shown enzymatic 
activity similar to ascorbic acid oxidase, an enzyme facilitating oxidation of important 
dietary antioxidant ascorbic in presence of oxygen. As a result, the platinum nanorods 
jeopardize the antioxidant activity of ascorbic acid due to their catalytic activity in 
oxidation of the natural antioxidant. The Au@Pt nanorods also serve as a catalyst similar 
to polyphenol oxidase to assist in oxidation of selected phenolics. Our results are 
suggesting potential interaction that may arise between endogenous or dietary antioxidant 
and platinum nanoparticles when they are applied in consumer related products. However, 
the relationship between their catalytic ability and the substrates phenolics structure 
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remains unclear. Also, the underlying mechanism of the enzyme mimetic property of the 
platinum nanorods is still unknown, which brings up a question for future research: can the 
nanoparticles be modified to be specific to substrates? 
Current study was conducted in vivo mimicking biological microenvironments, which 
provide unsophisticated ROS system to investigate the mechanism for potential risk that 
noble metal nanoparticles bring into biological systems. However, the complexity of 
biological systems and the unpredictability of nanoparticles make the task complicated. 
Many other factors should be considered. For example, the localization preference of 
nanoparticles in different cells may alter their behavior and the NPs could impact other 
biological enzymes, proteins, and DNA. We hope our preliminary study provides insights 
into the risk assessment of noble metal nanoparticles in biological systems from the aspect 
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